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Abstract
Tornadic debris are critical aspects of tornado studies because airborne debris
pose significant threats to life and property, and debris often dominate backscat-
tered radar signals, causing biased Doppler velocity measurements. Polarimetric
radar offers new research opportunities because debris produce a unique polari-
metric radar signature called the tornadic debris signature (TDS). In this study,
new applications of TDSs are examined using Transmission (T) matrix calcula-
tions, polarimetric radar observations, and numerical simulations. To illuminate
electromagnetic scattering characteristics of different debris types, T-matrix cal-
culations are presented. While most TDS studies have focused on tornado de-
tection, this study conducts a detailed analysis of 14 TDS cases to determine
relationships between TDS parameters and EF-rating. As tornado EF-rating
increases, 90th percentile radar reflectivity factor, TDS height, and TDS volume
increase, and 10th percentile co-polar cross-correlation coefficient and differen-
tial reflectivity decrease. While the TDS parameter analysis focuses on a single
radar frequency, debris scattering characteristics vary depending on radar fre-
quency, and thus multiple frequency polarimetric radar observations may provide
new information about debris. In a statistical analysis of dual-wavelength TDSs,
higher radar reflectivity factor and lower co-polar cross-correlation coefficient are
observed at S band compared to C band, and negative differential reflectivity is
sometimes observed simultaneously at both frequencies.
xxv
Multiple frequency radar observations have additional utility in determining
debris concentrations to assess debris loading impacts. To simulate polarimet-
ric radar signatures, tornado vortices are simulated in a Large-Eddy Simulation
(LES) model with a drag force coupling parameterization based on debris trajec-
tories, enabling momentum exchange between air and debris. As debris loading
increases, simulations reveal decreasing near-surface radial, tangential and ver-
tical velocities in the lowest grid cell. Further increases in debris loading cause
greater reductions in near-surface velocities and reduced tornado core tangen-
tial and vertical velocities. Using T-matrix calculations and LES model runs,
equivalent radar reflectivity factor and two-way attenuation rates are calculated
to determine if equivalent radar reflectivity factor or attenuation provide use-
ful upper-bounds on debris loading. These simulations reveal that if sufficient
amounts of debris loading are present to affect tornado dynamics, significant at-
tenuation will occur at W band, in many cases fully attenuating the transmitted
radar signal.
xxvi
Chapter 1
Introduction
Tornadic debris are a critical part of tornado studies because they have
significant societal impacts and greatly affect radar measurements of tornadoes.
Airborne debris cause most tornado-related fatalities (Bohonos and Hogan 1999),
and can increase damage caused by tornadoes. Debris puncturing windows or
walls can increase damage by changing the structure’s internal pressure lead-
ing to greater damage (Minor et al. 1977). The damage potential of extreme
wind events is therefore a function of both wind speed and debris loading (Wills
et al. 2002). Finally, tornadoes can transport low terminal fall speed debris
long distances (Anderson 1985a,b; Snow et al. 1995; Magsig and Snow 1998), in
some cases as far as 300 km. Such long-distance debris transport could result
in widespread dispersion of hazardous materials if such materials are lofted by
tornadoes.
Radar resolution volumes within a tornado may contain a variety of scat-
terers of varying size, shape, orientation, and composition. Scatterers could be
small such as sand particles or rain drops, or large objects such as plywood
boards, roof tiles, or tree branches. A photograph of lofted wood boards and
other debris in the 19 May 2013 tornado is provided in Fig. 1.1. Because Doppler
radars measure the velocity of the scatterers rather than the actual wind speed,
1
errors are introduced into these Doppler velocity measurements when air-debris
velocity differences arise. In tornadoes, debris or hydrometeors are centrifuged
radially outward, and have lower tangential and vertical velocities compared to
the air velocities (Snow 1984; Dowell et al. 2005). The magnitudes of air-debris
velocity differences increase as centrifugal forces on debris increase. For example,
centrifugal forces increase for higher wind speeds or smaller tornado diameters,
or for higher particle densities and larger diameters (Dowell et al. 2005). These
air-debris velocity differences can easily exceed common errors in Doppler ve-
locity data, and can be tens of m s−1 for larger debris (Dowell et al. 2005).
Debris centrifuging effects increase when velocity retrievals are used to examine
flow in secondary circulations in tornadoes (radial-vertical wind components).
When integrating the continuity equation in three-dimensional wind retrievals
for tornadoes, such as the Ground-Based Velocity Tracking Display (GBVTD;
Lee et al. 1999), debris centrifuging effects create velocity retrievals that are
excessively divergent and have stronger central downdrafts (Nolan 2013). Thus,
air-debris velocity differences must be understood and corrected to accurately
interpret Doppler velocity data and obtain accurate three-dimensional velocity
retrievals in tornadoes.
Polarimetric radar offers an improved capability to differentiate between me-
teorological and non-meteorological scatterers (Zrnic´ and Ryzhkov 1999). Lofted
debris from tornadoes are an important subset of non-meteorological scatterers
that can be detected using polarimetric radar. Using polarimetric radar data
2
Figure 1.1: Still frame image from video of the 19 May 2013 Shawnee, Oklahoma
EF-4 tornado (image courtesy of Brandon Sullivan). The tornado lofted several
large wood boards after passing through a residential area.
3
from the 3 May 1999 tornado outbreak, Ryzhkov et al. (2002) and Ryzhkov
et al. (2005) noted a polarimetric radar signature associated with lofted tor-
nadic debris called the tornadic debris signature (TDS). Tornadic debris have
wide distributions of sizes, shapes, compositions, and orientations, which pro-
duce electromagnetic scattering characteristics that are markedly different than
hydrometeors. Within the TDS, Ryzhkov et al. (2002) and Ryzhkov et al. (2005)
observed relatively high horizontal radar reflectivity factor (ZHH), low differen-
tial reflectivity (ZDR), and extremely low copolar cross-correlation coefficient
(ρHV ). They formulated an initial criteria for tornado detection based on a TDS
with ZHH > 45 dBZ, ZDR < 0.5 dB, and ρHV < 0.8.
Tornado detection was the first application of TDSs (Ryzhkov et al. 2002,
2005), and forecasters have used TDSs to confirm tornadoes (Scharfenberg et al.
2005; Schultz and co-authors 2012a). Because a tornado must be producing
damage to cause a TDS, the TDS does not provide any predictive capability of
tornadogenesis. However, TDSs at relatively close ranges typically appear within
the first volume scan after tornado formation (Ryzhkov et al. 2005; Bodine et al.
2013). Because the radar beam height increases with range, tornado detection
at greater ranges becomes more difficult. Bodine et al. (2013) noted several
cases of EF-0 and EF-1 tornadoes at ranges of 100 km or greater that did not
produce TDSs, likely because insufficient debris was lofted to the 0.5◦ elevation
scan. False TDS detections based on polarimetric debris signatures may also
4
occur after tornado dissipation because debris continues to fall out (Ryzhkov
et al. 2005; Schultz and co-authors 2012b; Bodine et al. 2013).
TDSs have been documented at a wide range of radar wavelengths. Bluestein
et al. (2007) investigated polarimetric TDSs using an X-band mobile radar. They
observed an increase in ZDR associated with precipitation entrainment in the
TDS, and suggested that ρHV was a better indicator of the TDS compared to
ZDR. Kumjian and Ryzhkov (2008) examined nine TDSs associated with torna-
does rated EF-1 or greater, revealing that TDSs did occur with weak tornadoes
(although they note that some weak tornadoes may not loft sufficient amounts
of debris to produce a TDS). Although video observations of large debris in-
dicate that debris orientations are random, studies have also revealed negative
ZDR signatures in TDSs at S, C, and X bands, suggesting the possibility of some
degree of common alignment of scatterers (Ryzhkov et al. 2005; Bluestein et al.
2007; Bodine et al. 2011).
In addition to tornado detection, TDSs may also provide useful information
about damage characteristics of tornadoes. Ryzhkov et al. (2005) examined
three tornado cases from the 3 May 1999 tornado outbreak and found that the
maximum TDS area and minimum ρHV and ZDR occurred during the period of
maximum damage. Given the limited sample size of these comparisons, detailed
comparisons of TDS parameters with damage surveys are needed for a larger
number of cases. In the present study, modified TDS parameters from Ryzhkov
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et al. (2005) and new TDS parameters are compared to damage surveys to exam-
ine the relationship between surface damage characteristics and the TDS. These
new TDS parameters focus on volumetric distributions of debris in tornadoes
and the parent thunderstorm. Past studies of long-distance debris transport in-
dicate that debris are transported farther in tornadoes with higher EF-ratings
(e.g., Snow et al. 1995), suggesting that debris column volume or height may be
related to tornado EF-rating.
While TDS observations have illuminated polarimetric characteristics of tor-
nadic debris, the relationships between debris characteristics (e.g., size, type,
or concentration) and polarimetric variables are unknown. If a relationship be-
tween debris characteristics and polarimetric radar variables can be developed,
it may be possible to develop a debris classification algorithm, which could be
used to correct debris centrifuging effects on Doppler velocity data, improve es-
timates of damage severity using polarimetric radar, and provide measurements
of debris loading in tornadoes. To develop a debris classification system, it may
be useful to incorporate polarimetric radar observations at multiple frequencies.
In this study, an examination of S- and C-band polarimetric radar data from
volume scans with close spatial and temporal matching are presented to explore
similarities and differences between TDSs at S and C bands.
To simulate polarimetric radar signatures, debris trajectories within a real-
istic tornado-scale flow are required. In this study, debris trajectories are cal-
culated in a Large-Eddy Simulation (LES) model with a trajectory-based drag
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force model parameterization to allow momentum exchange between the air and
debris. Gong (2006) and Lewellen et al. (2008) found that large concentrations
of sand-sized particles in the corner flow region reduced near-surface radial, tan-
gential and vertical velocities in tornadoes, and reduced tornado core velocities
to a lesser extent. In the present study, debris loading experiments are conducted
for sand-sized particles using monodispersive particle distributions, and larger
debris such as large wood boards. Based on these simulations, Transmission ma-
trix (T-matrix; Waterman 1969, 1971) calculations are performed for sand and
wood debris, and equivalent radar reflectivity factor and attenuation patterns at
different radar frequencies are calculated for different LES model runs.
In Chapter 2, an overview of electromagnetic scattering and polarimetric
radar is presented, including discussions of theoretical values of polarimetric
variables for both hydrometeors and debris. The polarimetric radar discussion is
followed by a brief overview of aerodynamic characteristics of debris. Chapter 3
examines the application of using TDS parameters to estimate surface damage
characteristics. In Chapter 4, S- and C-band polarimetric radar observations
from the 10 May 2010 Norman-Moore-Oklahoma City EF-4 tornado are investi-
gated to illuminate similarities and differences between wavelengths. Chapter 5
presents LES model studies of tornadic debris using a trajectory-based drag force
feedback parameterization. Equivalent radar reflectivity factor and attenuation
7
rates are calculated for different sand and soil particle size distributions to de-
velop practical methods for estimating small particle debris loading in tornadoes.
Conclusions and recommendations for future work are presented in Chapter 6.
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Chapter 2
Background
In this chapter, an overview of electromagnetic scattering is presented and
polarimetric radar variables from T-matrix calculations are discussed for hy-
drometeors and debris. Then, aerodynamic characteristics of different debris
types are discussed.
2.1 Polarimetric radar
2.1.1 Electromagnetic scattering of single particles
This section includes a discussion of electromagnetic scattering of individ-
ual particles. An overview of the electromagnetic backscattering matrices is
presented, followed by a discussion of the scattering characteristics of particles
interacting with electromagnetic (EM) waves. A fundamental concept of polari-
metric radar is the interaction of EM waves with particles (e.g., hydrometeors or
non-meteorological scatterers). Particles can scatter or absorb energy from inci-
dent EM waves. For monostatic radar measurements, scattering in the opposite
direction of the incident EM wave is particularly important, and is referred to
as backscattering.
9
2.1.1.1 Radar cross-sections
Radar cross-sections describe the scattering and absorption characteristics
of individual particles. The general definition of a radar cross-section, σ, is an
apparent area that depends on physical characteristics of the scatterer (e.g.,
size, shape, orientation, composition) and radar properties (e.g., frequency),
and describes the amount of energy scattered or absorbed by an object. If the
incident power density on the scatterer is Si, then the power incident on the
scatter is σSi (Doviak and Zrnic´ 1993). The received power density, Sr, at some
radius, r, from the object is,
Sr =
Siσ(sˆ, iˆ)
4πr2
, (2.1)
where iˆ and sˆ denote the unit vector in the direction of the incident and scat-
tered EM wave, respectively (using the vector convention from Bringi and Chan-
drasekar (2001)). In the isotropic scattering case, the radar cross section is in-
dependent of the direction of the incident and scattered EM wave. A classic
type of isotropic scattering, called Rayleigh scattering, occurs for scatterers with
small diameters, D, compared to the radar wavelength, λ, such that D < λ
16
.
For scatterers exhibiting Rayleigh scattering, their scattering cross-section, σs,
is:
σs =
2
3
π5
λ4
|Km|2 D6, (2.2)
where Km is a function of the complex refractive index m = n
′ − jn′′,
Km =
m2 − 1
m2 + 2
. (2.3)
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The absorption cross-section, σa, is expressed as,
σa =
π2
λ
Im (−Km)D3. (2.4)
Multiplying (2.2) and (2.4) by the incident power energy Si, the incident power
scattered or absorbed is obtained. Comparing (2.2) and (2.4), it is evident that
within the Rayleigh scattering regime σa > σs. Thus, more incident energy is
absorbed than scattered by Rayleigh scatterers.
The prevalence of monostatic radars (i.e., radars with a single antenna for
transmitting and receiving) for meteorological observations makes the backscat-
ter cross-section, σb, particularly important. The backscatter cross-section has a
similar definition to the radar cross-section, except that the scattering direction
is specified as the direction opposite of the incident EM wave, so that
σb = σ(−iˆ, iˆ). (2.5)
For Rayleigh scatterers, the backscatter cross-section is:
σb =
π5
λ4
|Km|2 D6. (2.6)
Combining (2.1), (2.5), and (2.6), it becomes apparent that received power den-
sity changes as a function of D6 for Rayleigh scatterers. Fig. 2.1 shows the
backscatter cross-section of liquid spheres, calculated using (2.6) and Mie scat-
tering calculation codes for homogeneous spheres (Matzler 2002). The Rayleigh
approximation and Mie solution for the backscatter cross-section exhibits close
agreement for D < λ
16
. The range of sizes where diameters are greater than λ
16
is called the Mie scattering region, where σb and D do not exhibit a monotonic
11
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Figure 2.1: Backscatter cross-section (cm2) at S and X band (black and blue
lines, respectively) for liquid spheres at 0◦C. The solid lines and solid lines with
asterisks show backscatter cross-sections from Mie and Rayleigh scattering cal-
culations, respectively.
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relationship, particularly when D > λ. The oscillating behavior of σb occurs
because EM waves creep along the surface of the scatterer, and constructively or
destructively interfere with EM waves backscattered along the original incidence
angle of the transmitted EM wave (often called specular waves), causing higher
and lower backscatter cross-sections.
2.1.1.2 Backscattering matrix and complex scattering amplitudes
The backscattering matrix, S, provides another method of determining the
scattering characteristics of objects. The elements of the backscattering matrix,
Sij , are the complex scattering amplitudes for a given polarization, which relate
the incident (Ei) and backscattered (Eb) electric fields (Bickel 1965; McCormick
and Hendry 1975, 1985; Doviak and Zrnic´ 1993). Using the notation from Doviak
and Zrnic´ (1993) for an arbitrary orthogonal polarization, S is related to the
incident (Ei) and backscattered electric fields (Eb) by,
 E1
E2


b
=

 S11 S12
S21 S22



 E1
E2


i
e−jkr
r
. (2.7)
Linear polarizations are commonly used for weather radar, and are implemented
on the Weather Surveillance Radar 1988 Doppler (WSR-88D) radar network
(Doviak et al. 2000). For a linearly polarized EM wave,
 Eh
Ev


b
=

 Shh Shv
Svh Svv



 Eh
Ev


i
e−jkr
r
, (2.8)
where r is the range of the scatterer from the radar antenna and k is the
wavenumber of the EM wave. The first (second) subscript in each element of S
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corresponds to the polarization of the backscattered (incident) EM waves. The
co-polar (diagonal) elements of S refer to the complex scattering amplitude along
the same direction as the incident wave, whereas the cross-polar elements (off-
diagonal) of S correspond to complex scattering amplitudes along the orthogonal
direction of the incident waves.
Given that hydrometeors and non-meteorological scatterers have varied orien-
tations, the scattering matrix must account for the angle of the scatterer relative
to the incident EM wave (Holt 1984; Bringi and Chandrasekar 2001). Fig. 2.2
shows the scattering angles for an oriented spheroid with a symmetry axis along
the line OS. β is the canting angle of the spheroid in the polarization plane,
and φ is the angle between the incident EM wave and the symmetry axis of the
spheroid. To illustrate the geometry, consider a simple case of scattering with
an oblate spheroid where the incident EM wave is propagating along the x-axis,
with hˆi and vˆi oriented along the y- and z-axes, and with OS oriented in the
+z direction. In this case, φ=90◦, which corresponds to a case of a 0◦ elevation
angle with the major axis of the spheroid oriented horizontally. As β increases
(or decreases), the major axis now has components in both the horizontal and
vertical polarizations, and the magnitude of cross-polar scattering elements in-
crease. The scattering matrix (2.8) can be expressed in terms of β and φ to
account for scatterer orientation (Holt 1984; Bringi and Chandrasekar 2001), as
follows:
 Eh
Ev


b
=

 S11(φ) cos
2 β + S22(φ) sin
2 β 1
2
(S22(φ)− S11(φ)) sin2 2β
1
2
(S22(φ)− S11(φ)) sin2 2β S11(φ) sin2 β + S22(φ) cos2 β



 Eh
Ev


i
e−jkr
r
.
(2.9)
Weather radars can also transmit electromagnetic waves with circular po-
larization (e.g., McCormick and Hendry 1975). The unit vectors for a linear
14
Figure 2.2: Figure showing the scattering angles for an oriented spheroid
(adapted from Bringi and Chandrasekar (2001)). OS indicates the symmetry
axis of the spheroid. iˆ indicates the direction of incident EM wave propaga-
tion, and vˆi and hˆi are the vertical and horizontal polarization unit vectors. β
measures the canting angle in the polarization plane, and φ measures the an-
gle between the direction of incident EM wave propagation and the spheroid
symmetry axis.
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polarized EM wave and a circularly polarized EM wave can be related through
the following matrix transformation:
 rˆ
lˆ

 =
√
2
2
[G]

 hˆ
vˆ

 , (2.10)
where rˆ and lˆ are unit vectors in the direction of the right- and left-hand circular
polarizations and the G is:
√
2
2

 −i 1
i 1

 . (2.11)
By multiplying the incident linearly polarized electric field by G, Bringi and
Hendry (1990) show that the incident electric fields for a linearly and circularly
polarized EM wave are related by:
 Er
El


i
= [G]

 Eh
Ev


i
, (2.12)
where Er and El are the incident electric field components in the right-hand and
left-hand circular polarizations. The scattering matrix for a circularly polarized
EM wave, Sc, becomes:
[Sc] = [G]
∗[S][G]−1. (2.13)
The components of the circularly polarized scattering matrix are related to the
linear scattering matrix as follows:
Sll =
1
2
(Svv − Shh + i2Svh)
Srr =
1
2
(Svv − Shh − i2Svh)
Srl =
1
2
(Svv + Shh)
Slr =
1
2
(Svv + Shh)
(2.14)
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where Sll and Srr are backscattered returns of the same handedness as the in-
cident EM wave, and Srl (Slr) is right-hand (left-hand) circular backscattered
returns from a transmitted left-hand (right-hand) circular EM wave. Some in-
triguing properties of circular polarization radar are evident from (2.14). For a
spherical scatterer, which has equal diagonal components of the linear scattering
matrix (i.e., Shh and Svv are equal) and off-diagonal components equal to zero,
the scattering matrix elements for the circular polarization with transmitted
and received EM waves of the same handedness (i.e., Sll and Srr) are zero. In
other words, no return power would be measured for a circularly-polarized radar
transmitting and receiving only right-handed circular polarization EM waves.
Because backscattered returns for spherical scatterers can be mitigated, circu-
lar polarization is commonly used to mitigate precipitation clutter for aviation
(Bringi and Chandrasekar 2001).
2.1.2 Polarimetric radar measurements
Polarimetric radar variables are derived from second-order moments of the
complex received radar signals. Complex received radar signals, Vij, are the sum
of the signals of the individual scatterers, as given by:
Vij =
N∑
n=1
Sij(n) exp(−j2kr)F (r) (2.15)
where N is the number of scatterers, F (r) is a variable which accounts for range
dependence, attenuation, and various radar parameters, and k is the wavenumber
(e.g., Doviak and Zrnic´ 1993). By calculating second-order moments of the
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complex received radar signals, polarimetric radar variables can be estimated.
The covariance matrix C is computed by calculating second-order moments of
combinations of the complex received radar signals (e.g., < ShvS
∗
hh > or <
ShhS
∗
hh >). The covariance matrix, C, is expressed as,
C =


< |Shh|2 > < ShvS∗hh > < SvvS∗hh >
< ShhS
∗
hv > < |Shv|2 > < SvvS∗hv >
< ShhS
∗
vv > < ShvS
∗
vv > < |Svv|2 >


. (2.16)
Although there are 16 second-order moments, there are only 9 unique moments
due to reciprocity (Shv = Svh).
Polarimetric radars operate different configurations of transmitting and re-
ceiving pulses (Doviak et al. 2000). The configuration of transmitting and receiv-
ing pulses affects which covariance matrix elements are measured. In simulta-
neous transmit, simultaneous receive (STSR) configuration, the radar transmits
and receives both horizontal and vertical polarizations. Consequently, because
both horizontal and vertical polarizations are transmitted simultaneously, it is
not possible to discriminate between backscattered returns caused by horizontal
or vertical incident radiation. In other words, for the vertical channel receiver,
cross-polar backscattered energy from a horizontally polarized incident EM wave
cannot be separated from co-polar backscattered energy from a vertically polar-
ized incident EM wave. However, in an alternating pulse transmission config-
uration (e.g., alternating transmit simultaneous receive, or ATSR), it becomes
possible to distinguish backscattered radiation from horizontal and vertical inci-
dent radiation, and thus all elements in the covariance matrix can be measured.
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2.1.2.1 Radar reflectivity factor
Zhh and Zvv are the horizontal and vertical radar reflectivity factors, respec-
tively, as shown in (2.17) and (2.18), where N is the number of scatterers per
cubic meter.
Zhh =
4λ4
π4|Km|2 < |NShh|
2 > (2.17)
Zvv =
4λ4
π4|Km|2 < |NSvv|
2 > (2.18)
For Rayleigh scatterers, radar reflectivity factors are particularly sensitive to
scatterer sizes. In the case of a sphere, Shh and Svv can be written as,
Shh,vv =
(
2π
λ
)2
CmD
3, (2.19)
where Cm (2.20) is a constant value (Oguchi 1983; Doviak and Zrnic´ 1993).
Cm =
m2 − 1
1
3
(m2 − 1) + 1 (2.20)
Combining (2.17) and (2.19), it becomes evident that Zhh and Zvv are a function
of D6. While radar reflectivity factor is strongly dependent on size, N can vary
over several orders of magnitude (e.g., Marshall and Palmer 1948; Ulbrich 1983),
and thus affect radar reflectivity factor.
Radar reflectivity factor and other polarimetric variables for different precip-
itation types is shown in Table 2.1. Rain encompasses a relatively large range
of radar reflectivity factors because drop-size distributions (DSDs) are highly
varied and rain possesses a high refractive index compared to dry snow or ice
crystals. Wet hail exhibits high radar reflectivity factors as a consequence of its
19
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Figure 2.3: Horizontal and vertical radar reflectivity factor for rain (solid and
dashed lines) for a concentration of 1 drop per m−3 at S and C bands (top
and bottom plots). Differences between horizontal and vertical radar reflectivity
factor increase as drop diameter increases.
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water coating and large size, which cause greater backscattered energy. Polari-
metric radar variables can be calculated using T-matrix codes, which provide
scattering amplitudes for different hydrometeor sizes or orientations. Horizon-
tal and vertical radar reflectivity factors for rain are computed using T-matrix
codes for spheroids with fixed orientations (Waterman 1971; Mischenko et al.
1996; Mischenko 2000). Fig. 2.3 shows horizontal and vertical radar reflectivity
factors for rain at S and C bands at a concentration of 1 drop per m−3 using
drop axis ratios from Thurai and Bringi (2005) and Thurai et al. (2007). Owing
to the oblateness of larger drops, the difference between ZHH and ZV V increases
with increasing drop size, which provides useful information to discriminate rain
drop size.
Table 2.1: Common values of polarimetric variables for different precipitation
types at S band (adapted from Doviak and Zrnic´ (1993)).
Precipitation Type ZHH ZDR |ρHV (0)| LDR
(dBZ) (dB) (dB)
Rain 25 – 60 0.5 – 4 > 0.97 -27 – -34
Dry snow < 35 0 – 0.5 > 0.99 < -34
Melting snow < 45 0 – 3 0.8 – 0.95 -13 – -18
Small, wet hail 50 – 60 -0.5 – 0.5 > 0.95 < -20
Large, wet hail 55 – 70 < -0.5 > 0.96 -10 – -15
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2.1.2.2 Differential reflectivity
The ratio of horizontal to vertical radar reflectivity factor, called differential
reflectivity or ZDR (Seliga and Bringi 1976, 1978), provides useful information
about the shapes and sizes of scatterers. ZDR is defined as:
ZDR = 10 log10
(
< |Shh|2 >
< |Svv|2 >
)
. (2.21)
The axis ratio of a scatterer is typically defined as b
a
, where a and b are the
horizontal and vertical axes, respectively. For an oblate (prolate) spheroid, the
horizontal (vertical) axis is greater than the vertical (horizontal) axis which
results in positive (negative) ZDR. For Rayleigh scatterers, ZDR measurements
are particularly useful in discriminating rain drop size because rain drops become
increasing oblate (i.e., lower axis ratio) as drop diameter increases (Fig. 2.4). By
making assumptions about the DSD (assuming an exponential DSD), Seliga and
Bringi (1976) found that ZDR is related to median drop diameter.
Drop axis ratios have been extensively studied in wind tunnel studies, numer-
ical simulations, and disdrometer observations. Empirical equations have been
formulated to represent the axis ratio as a function of drop diameter. Pruppacher
and Pitter (1971) applied a linear fit to laboratory observations of drop axis ra-
tio in a wind tunnel, and obtained the following linear relationship between axis
ratio and drop diameter,
b
a
= 1.03− 0.062D. (2.22)
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Figure 2.4: Rain drop axis ratio as a function of diameter (adapted from Beard
and Chuang (1987)) computed from laboratory experiments and models. Rain
drop axis ratio decreases as drop diameter increases.
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Using model simulations, Beard and Chuang (1987) obtained the following equa-
tion for drop axis ratio as a function of diameter, valid for drop diameters less
than 7 mm:
b
a
= 1.0048+5.7× 10−4D− 2.628× 10−2D2 +3.682× 10−3D3− 1.677× 10−4D4.
(2.23)
More recent studies have found that the Beard and Chuang (1987) equation tends
to create axis ratios that are too small at larger diameters (Andsager et al. 1999).
Axis ratios have also been estimated from 2D video disdrometers observations
(e.g., Thurai and Bringi 2005). Thurai and Bringi (2005) and Thurai et al. (2007)
obtained the following axis ratios,
b
a
= 1.065− 0.0625D − 0.00399D2 + 0.000766D3 − 0.00004095D4. (2.24)
Differential reflectivity measurements for rain exhibit significant differences
depending on radar frequency, particularly for larger drop sizes at higher frequen-
cies. At S band, rain drops satisfy the Rayleigh condition and ZHH , ZV V and
ZDR increase as a function of diameter (Figs. 2.3, 2.5). At C band, however,
the Rayleigh size criteria is not satisfied for rain drop diameters exceeding ≈
3.4 mm, and Mie scattering effects are observed. For example, ZDR exhibits a
peak between 6 – 7 dB and then decreases due to an oscillation of the backscatter
cross-section of rain drops in the Mie scattering region. Rain drop canting angle
distributions (e.g., Beard and Jameson 1983) also affect ZDR measurements by
reducing alignment between the incident horizontal and vertical electromagnetic
waves and rain drop major and minor axes, resulting in lower ZDR values.
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Figure 2.5: Differential reflectivity or ZDR (dB) for rain (solid and dashed lines)
for a concentration of 1 drop per m−3 at S and C bands (top and bottom plots),
shown for canting angle distributions represented by a Gaussian probability den-
sity function with σ=0◦, 10◦, 20◦, 30◦, 40◦, and 50◦. As the variability of drop
canting angle increases, ZDR decreases because the drop major axis has horizon-
tal and vertical components.
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2.1.2.3 Co-polar cross-correlation coefficient and backscatter differential
phase
Co-polar cross-correlation coefficient, ρHV , measures the correlation between
the vertical and horizontal co-polar received signals (Sachidananda and Zrnic´
1985; Jameson 1987; Balakrishnan and Zrnic´ 1990), and is related to the covari-
ance matrix elements as follows,
ρhv =
< SvvS
∗
hh >
< |Shh|2 > 12< |Svv|2 > 12
. (2.25)
The covariance matrix element < SvvS
∗
hh > can be expressed in terms of magni-
tude and phase as follows:
< SvvS
∗
hh >=< |SvvS∗hh| exp(−j(δhh − δvv)) > . (2.26)
The magnitude and phase of ρHV are commonly referred to as correlation coeffi-
cient and backscatter differential phase, δdp. Typically, the magnitude of ρHV is
estimated at zero-lag, |ρHV (0)|. However, estimation using multiple lags can mit-
igate errors in ρHV and other polarimetric radar variables at lower signal-to-noise
ratios (SNRs) (Lei et al. 2012).
Co-polar cross-correlation coefficient decreases as the diversity of scatterer
shapes and orientations increase (Jameson 1987; Balakrishnan and Zrnic´ 1990;
Ryzhkov et al. 2005). For rain, lower values of ρHV can result from broader DSDs
which create a greater variety of rain drop shapes, and larger variances in drop
canting angles (Jameson 1987; Jameson and Dave´ 1988). For hail, polarimetric
radar measurements exhibit lower ρHV compared to rain as a consequence of
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resonance scattering effects (i.e., a larger δDP ), a lower degree of common ori-
entation due to tumbling, and non-spherical shapes of hailstones. Balakrishnan
and Zrnic´ (1990) show that for wet hail ρHV decreases for increasingly random
orientation (Fig. 2.6). Fig. 2.6 shows that ρHV for wet hail diameters greater
than 50 mm decreases below 0.6 for completely random orientations of hail.
Given that such low values are not observed for hail, one might suspect that hail
possesses some degree of common alignment. Balakrishnan and Zrnic´ (1990) also
calculated ρHV as a function of protuberance-to-diameter ratio,
σD
D
, and found
that increasing protuberance-to-diameter ratios lead to lower ρHV . ρHV can be
calculated for Rayleigh scatterers for different protuberance-to-diameter ratios
as follows:
|ρHV (0)| =
(
1 + 3
σ2
D
D2
)2
1 + 15
σ2
D
D2
+ 45
σ4
D
D4
+ 15
σ6
D
D6
. (2.27)
2.1.2.4 Linear and circular depolarization ratio
Linear depolarization ratio, or LDR, is the ratio of cross-polar power, <
|Shv|2 >, to co-polar power, < |Svv|2 >:
LDR = 10 log10
(
< |Shv|2 >
< |Svv|2 >
)
. (2.28)
Either Shv or Svh can be used in the numerator of (2.28) to estimate LDR, and
will yield equivalent results for reciprocal media. For a spheroid, cross-polar
signals are generated when the major and minor axes are not aligned with the
horizontal and vertical polarized electromagnetic waves. For a spheroid with no
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Figure 2.6: Co-polar cross-correlation coefficient (ρHV ) for wet hail as a function
of diameter and randomness of orientation (figure adapted from Balakrishnan
and Zrnic´ (1990)). As the common alignment of particles decreases, ρHV de-
creases.
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Figure 2.7: Co-polar cross-correlation coefficient (ρHV ) for wet hail as a function
of diameter and protuberance to diameter ratio, σD/D (figure adapted from
Balakrishnan and Zrnic´ (1990)). As particles become increasingly non-spherical,
ρHV decreases.
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canting, such as β = 0◦ or 90◦ in (2.9), LDR approaches a theoretical limit of
-∞ dB (Doviak and Zrnic´ 1993). Because some degree of canting occurs with
rain drops, LDR values for rain typically range between -27 – -34 dB (Table 2.1).
For larger, wet ice crystals, larger cross-polar signals and higher LDR values are
generated because the ice crystal has a liquid water coat and a higher refractive
index.
Circular depolarization ratio (CDR; McCormick and Hendry 1975; Holt 1984;
Seliga et al. 1984) is the ratio of the power from the parallel polarization (same
handedness as the transmitted EM wave) to the orthogonal polarization (oppo-
site handedness as the transmitted EM wave). For a radar transmitting right-
hand circular polarization, CDR is:
CDR = 10 log10
|Srr|2
|Slr|2
. (2.29)
For spherical objects, CDR is -∞ dB and increases as scatterer eccentricity
increases. For rain drops, Seliga et al. (1984) found that ZDR and CDR are
related as follows:
CDR =
(
1− ZDR 12
1 + ZDR
1
2
)2
. (2.30)
A comparison of CDR calculated using T-matrix code and (2.30) is shown in
Fig. 2.8. In general, close agreement is observed except at large diameters due
to slight differences in the equations for axis ratio. CDR increases as rain drop
size increases due to increasing eccentricity of the drop.
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Figure 2.8: Circular depolarization ratio or CDR (dB) for rain with a concentra-
tion of 1 drop per m−3 at S and C bands (top and bottom plots). The T-matrix
calculated CDR is shown by the solid black line, and CDR calculated from (2.30)
is shown by the black asterisks. Circular depolarization ratio increases with in-
creasing drop diameter.
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2.1.3 Polarimetric radar variables for tornadic debris
In this section, polarimetric radar variables are calculated for scatterers that
have similar physical sizes and shapes as common debris types. T-matrix calcu-
lations can become ill-conditioned for spheroids with large aspect ratios or high
refractive indices, which limits the types of debris simulated in this study. More-
over, irregular shapes (e.g., corners of a wood board) cannot be calculated using
T-matrix calculations, which makes it difficult to simulate many debris types.
Nonetheless, T-matrix calculations may illuminate some general electromagnetic
scattering characteristics of debris and their relationships to polarimetric vari-
ables. In the future, more sophisticated methods for determining the complex
backscatter cross-sections will be conducted, including anechoic chamber mea-
surements and High Frequency Structural Simulator (HFSS) calculations, which
are better suited to determine how well the T-matrix calculations for basic shapes
simulated herein compare to actual debris.
The material composition of scatterers affects its electromagnetic scattering
characteristics. The scatterer’s complex relative permittivity, ǫr, is a relative
measure of a scatterer’s ability to store electrical charge, and therefore indicates
its potential to backscatter EM waves. ǫr is often written in terms of its real and
complex components as ǫr = ǫ
′
+ iǫ
′′
. The complex relative permittivity often
changes as a function of frequency and temperature (Ray 1972). For water, the
real part of the complex relative permittivity increases as wavelength increases
while the imaginary part of ǫr exhibits a maximum value at approximately a
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Figure 2.9: Complex relative permittivity (ǫr) of water at T=0
◦C as a function
of wavelength (cm). The real part of ǫr increases as wavelength increases, while
the imaginary part of ǫr has a maximum value for about a 3-cm wavelength.
3-cm wavelength (Fig. 2.9). The real and imaginary components of the relative
permittivity are related to the complex refractive index by:
ǫ
′
= n′
2 − n′′2, (2.31)
and
ǫ
′′
= 2n′n′′. (2.32)
2.1.3.1 Dust and Sand
Dust and sand particles lofted in tornadoes are often quite prominent, forming
a large rotating particle cloud around the tornado that varies considerably in
spatial extent. Dust and sand debris clouds often provide the first confirmation
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Figure 2.10: Complex relative permittivity (ǫr) of sand as a function of fractional
water content at Ka, X, C, and S bands. As fractional water content increases,
both real and imaginary parts of ǫr increase.
of a vortex in contact with the surface before the condensation funnel extends
to the surface. In some cases, dust and sand particles lofted by tornadoes may
be the only visible debris. Given that dust and sand particles are frequently
lofted by tornadoes, it is crucial to determine their electromagnetic scattering
characteristics.
Several studies have examined the relative permittivity of dust and sands at
different locations at a wide range of frequencies. In this study, the relative per-
mittivity measurements of Matzler (1998) are chosen because they encompass a
broad range of frequencies used in weather radar measurements (3 – 10 GHz).
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Their measurements exhibit good agreement with other complex relative per-
mittivity measurements in the 0.1 – 10 GHz range (e.g., Wang and Schmugge
1980; Dobson et al. 1985; Ulaby et al. 1990). Measurements by Gatesman et al.
(2005) are used to examine polarimetric radar signatures of dust and sand at
frequencies exceeding 10 GHz. Given that soils can have significantly different
compositions, a more comprehensive investigation of complex relative permit-
tivity across the common range of weather radar frequencies is needed, but is
beyond the scope of the present study.
To examine scattering characteristics of wet dust and sand, relative permittiv-
ities for different fractional volumes, fv, are computed using the Maxwell-Garnett
mixing formula:
ǫe =
1 + 2fvy
1− fvy ǫ1, (2.33)
where
y =
ǫ2 − ǫ1
ǫ2 + 2ǫ1
. (2.34)
ǫ1 and ǫ2 are the complex relative permittivities of dry sand and water, respec-
tively. Fig. 2.10 shows the complex relative permittivities for dust and sand for
common weather radar frequency bands for different fractional water contents.
The real and imaginary components of the complex relative permittivity increase
as fractional water content increases, leading to higher refractive indices for wet
dust or sand. Matzler (1998) showed that the dielectric loss for dry sand de-
creases as a function of frequency between 3 – 10 GHz, which is the opposite
behavior in dielectric loss for water.
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Figure 2.11: Equivalent radar reflectivity factor (ZHH) at S, C, X, Ka, and
W bands for dry dust as a function of diameter (mm). Differences between S,
C, and X bands are small over the range of sizes computed. Mie scattering
effects are prominent at W band with ZHH oscillations evident and much lower
ZHH compared to other longer radar wavelengths, particularly for D > 1 mm.
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Figure 2.12: Equivalent radar reflectivity factor (ZHH) at S, C, X, Ka, and W
bands for wet dust as a function of diameter (mm). Equivalent radar reflectivity
factor for wet dust is generally higher than dry dust.
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Using complex refractive indices computed from the complex relative per-
mittivity, equivalent radar reflectivity factor is computed from T-matrix calcu-
lations as shown in Figs. 2.11 and 2.12. T-matrix calculations are performed for
a particle concentration of 1 m−3 for dry and wet (20% fractional water content)
dust and sands. Equivalent radar reflectivity factor exhibits close agreement
among longer radar wavelengths, and differences among S, C, and X band are
less than 0.02 dB. For sand particles with D > 0.1 mm, Ka band exhibits lower
ZHH compared to the other wavelengths due to Mie scattering effects, resulting
in differences of 0.1 – 1 dB. W-band ZHH exhibits much larger differences for
larger sand particles, particularly for increasing wetness. The dual-wavelength
ZHH difference between S and W bands are 2.4 and 12.1 dB (4.3 and 25.7 dB)
for 0.5-mm and 1-mm radius dry (wet) sand particles.
Several studies have obtained particle size distributions of soils for geological
and agricultural studies (e.g., Tyler and Wheatcraft 1989, 1992), which may be
useful for determining the amount of lofted dust or soil particle as a function
of particle size. With a realistic soil distribution, polarimetric radar variables
can be computed for different soil types. Soil particles follow fractal behavior
(Turcotte 1986), which allows soil particle distributions to be expressed in the
following form:
Nsr
p
s = const., (2.35)
where Ns is the number of soil particles greater than radius, rs. For larger values
of p, soil particle size distributions exhibit larger numbers of smaller particles.
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Figure 2.13: Fractal particle distribution and cumulative mass fraction for sandy
loam soil. Compared to the clay loam soil, sandy loam soil contains a higher
concentration of large particle sizes.
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Figure 2.14: Fractal particle distribution and cumulative mass fraction for clay
loam soil. Compared to the sandy soil, clay exhibits a larger mass fraction for
smaller particle sizes.
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For sandy loam and clay loam soils (Tyler and Wheatcraft 1992), the exponent
p has values of 2.646 and 2.832, respectively. Figs. 2.13 and 2.14 show the fractal
particle distribution and cumulative mass fraction for sandy loam and clay soils,
respectively. For the same amount of mass, the sandy loam soil will have a
greater proportion of larger particles.
T-matrix calculations of equivalent radar reflectivity factor were performed
for sandy and clay loam soil distributions. Equivalent radar reflectivity factors
for 1.2 kg of dry and wet sandy loam soils and dry and wet clay loam soils are
shown in Table 2.2. In the following analysis, 1.2 kg of soil is used because
this mass is the same as the mass of air at sea level (in later discussions, debris
loading calculations are normalized by air density). Equivalent radar reflectivity
factor differences among S, C, and X bands are small because scatterers exhibit
Rayleigh scattering, and slight differences on the order of hundredths of a dB
result from small differences ǫr. At Ka and W bands, resonance effects reduce
equivalent radar reflectivity factor contributions of larger sand particles.
Contributions of 1.2 and 12 kg of dry and wet sand particles to ZHH as a
function of diameter are shown in Fig. 2.15 and 2.16. For wet sand particles (20%
fractional water content), ZHH is 2 – 4 dB greater compared to dry sand particles.
For the smaller scatterers at longer wavelengths, equivalent radar reflectivity
factor contributions of larger sand particles is greater than the smaller particles
even though the concentration of particles decreases on the order of 106 as the
radius increases from 10−2 to 1 mm. At W band, the contribution of ZHH for
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Table 2.2: Equivalent radar reflectivity factor for 1.2 kg of dry and wet sandy
and clay loam soils.
Soil Type S-band ZHH C-band ZHH X-band ZHH Ka-band ZHH W-band ZHH
(dBZ) (dBZ) (dBZ) (dBZ) (dBZ)
Dry sand 40.9 40.9 40.9 40.3 35.2
Dry clay 38.6 38.6 38.5 38.0 33.3
Wet sand 45.2 45.2 45.2 44.5 37.4
Wet clay 42.9 42.9 42.9 42.2 35.5
particles greater than 1 mm in diameter decreases as a consequence of resonance
effects.
2.1.3.2 Rocks
Rocks exhibit some differences in complex relative permittivity depending
on rock type (Ulaby et al. 1990). However, the real component of the complex
relative permittivity is approximately constant throughout the frequency range
of weather radars. For simplicity, the rocks are assumed to be spherical, and the
complex relative permittivities are chosen for sedimentary rocks (e.g., a common
rock type).
Equivalent radar reflectivity factor exhibits large variations among common
weather radar wavelengths for rocks, as shown in Fig. 2.17 with a concentra-
tion of 1 m3. Mie scattering effects on radar reflectivity are clearly evident
at each wavelength, commencing at a greater diameter for larger wavelengths.
The highest ZHH values are observed with larger radar wavelengths because
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Figure 2.15: Equivalent radar reflectivity factor (ZHH) as a function of size for
1.2 and 12 kg of dry sandy loam soil at S, C, X, Ka, and W bands. Even though
soil particle concentrations decrease with increasing size, larger particle sizes
have greater contributions to equivalent radar reflectivity factor except for the
range of sizes where resonance are important.
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Figure 2.16: Equivalent reflectivity factor (ZHH) as a function of size for 1.2
and 12 kg of dry clay loam soil at S, C, X, Ka, and W bands. Even though soil
particle concentrations decrease with increasing size, larger particle sizes have
greater contributions to equivalent radar reflectivity factor except for the range
of sizes where resonance are important.
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Figure 2.17: Equivalent reflectivity factor (ZHH) at S, C, and X bands for rocks
as a function of diameter (mm) with a concentration of 1 m3. For rocks with
diameters > λ
16
, equivalent radar reflectivity factor has a complex relationship
with rock diameter due to constructive and destructive interference associated
with Mie scattering effects.
the backscatter cross-section increases proportionally to D6 for a greater range
of diameters prior to oscillating in the Mie scattering region. S- and X-band
ZHH clearly demonstrate this effect, as X-band ZHH remains nearly constant
over a large diameter range where S-band ZHH increases.
Rocks exhibit ZHH differences among wavelengths which could be exploited
to ascertain rock size. While S-band ZHH is well-correlated with rock size,
the dependence of ZHH on number concentration creates a challenge for relating
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ZHH directly to scatterer size. However, if a small number of dominant scatterers
of similar type are present in a resolution volume, size classification may be more
feasible using dual-wavelength differences because the number concentration is
the same at both wavelengths and thus number concentration cancels out in
a ratio of ZHH at two different frequencies. Correlation coefficients between
different dual-wavelength ZHH differences and rock diameter are presented in
Table 2.3. The highest correlation coefficients occur with combinations of S
band and other frequencies, with the highest correlation occurring for the S – X
band ZHH difference.
Table 2.3: Correlation coefficient between rock diameter and dual-wavelength
ZHH differences for different radar wavelength combinations.
Wavelengths Correlation Coefficient
S – C 0.66
S – X 0.87
C – X 0.33
2.1.3.3 Wood
Wood debris is commonly lofted in tornadoes passing over residential areas or
areas with dense tree cover. In photographs and videos of tornadoes, wood debris
is sometimes visible, and thus wood pieces may be among the largest scatterers in
tornadoes (when present). Wood debris from buildings may include elongated
46
boards, such as a “2 X 4”, with one dimension significantly longer than the
other two dimensions. Plywood sheets with two similar dimensions and a small
thickness are also common debris types, as well as fragmented pieces of wood.
Wood debris could also result from lofted tree branches. In this section, both
oblate and prolate spheroids are modeled to encompass both elongated debris
similar to a “2 X 4” and oblate spheroids to examine more “plate-like” debris.
A complex relative permittivity, ǫr, of 2 - 0.2j is used at each wavelength,
based on measurements at S band (Daian et al. 2006) and X band (Jebbor et al.
2011). Owing to the lack of studies of wood’s complex relative permittivity, the
variation of ǫr over different frequencies or wood types is unknown, and thus
is assumed to be constant. To examine debris wetting effects on wood, the
Maxwell-Garnet mixing formula is used (2.33) to compute ǫr.
For dry wood spheroids, equivalent radar reflectivity factor for wood prolate
and oblate spheroids exhibits reduced dependence on size compared to the rock
case. Equivalent radar reflectivity factors of prolate and oblate spheroids with
axis ratios of 3 and 1
3
at S, C, and X bands are shown in Figs. 2.18 and 2.19.
For the prolate spheroids, ZHH generally increases as a function of diameter,
however, constructive and destructive interference due to resonance effects create
large amplitude ZHH oscillations. ZHH oscillations due to resonance effects are
more prominent at C and X bands, and oscillation frequency increases as radar
frequency decreases. For oblate spheroids, ZHH generally increases as a function
of diameter at S band, however, ZHH at C and X bands actually decreases for
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Figure 2.18: Equivalent radar reflectivity factor for a dry prolate wood spheroid
with an axis ratio of 3 and a vertically oriented symmetry axis at S, C, and X
bands. Equivalent radar reflectivity factor oscillates for wood spheroids with di-
ameters greater than λ
16
. In general, for the same diameter range equivalent radar
reflectivity factor for prolate spheroids increases as radar wavelength increases.
large diameters. Given the complexity of ZHH for prolate and oblate spheroids,
debris size could not be uniquely determined from ZHH .
Dual-wavelength ZHH differences are prominent between S, C, and X, with
the largest magnitude differences occurring between S and X band (Figs. 2.20
and 2.21). Hail exhibits similar behavior for large hailstones with greater ZHH dif-
ferences between S and X bands compared to S and C bands (e.g., Atlas and
Ludlam 1961; Snyder et al. 2010; Picca and Ryzhkov 2012). For the prolate
spheroid case, resonance scattering effects for horizontal, linearly polarized EM
48
0 20 40 60 80 100 120 140 160
−20
0
20
40
60
80
100
Diameter (mm)
Z H
H 
(dB
Z)
 
 
S band
C band
X band
Figure 2.19: Equivalent radar reflectivity factor for a dry oblate wood spheroid
with an axis ratio of 1
3
and a vertically oriented symmetry axis at S, C, and X
bands. Similar to prolate wood spheroids, equivalent radar reflectivity factor os-
cillates for wood oblate spheroids with diameters greater than λ
16
. In general, for
the same diameter range equivalent radar reflectivity factor for oblate spheroids
increases as radar wavelength increases.
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Figure 2.20: Equivalent radar reflectivity factor dual-wavelength differences for
a dry prolate wood spheroid with an axis ratio of 3 at S, C, and X bands as a
function of diameter (mm). Dual-wavelength differences exhibit complex rela-
tionships with debris size, particularly for diameters greater than λ
16
.
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Figure 2.21: Equivalent radar reflectivity factor dual-wavelength differences for a
dry oblate wood spheroid with an axis ratio of 1
3
at S, C, and X bands as a func-
tion of diameter (mm). As observed for prolate wood spheroids, dual-wavelength
differences exhibit complex relationships with debris size, particularly for diam-
eters greater than λ
16
.
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Table 2.4: Correlation coefficient between dry prolate spheroid diameter and
dual-wavelength ZHH differences for different radar wavelength combinations.
Wavelengths Correlation Coefficient
S – C 0.62
S – X 0.63
C – X 0.29
waves occur at a larger equivolume diameter compared to the oblate spheroid
case because the prolate spheroid’s horizontal dimension is smaller than the
vertical dimension. As a result, large dual-wavelength differences for the prolate
spheroid start at a greater equivolume diameter compared to the oblate spheroid
case.
Dual-wavelength differences monotonically increase until the start of the
first ZHH oscillation at the shorter wavelength. Accordingly, S- and C-band
ZHH differences increase monotonically to a greater diameter than S- and X-band
ZHH differences. After the first ZHH oscillation, however, large oscillations oc-
cur in the dual-wavelength ZHH differences which become more complicated than
ZHH at a single frequency due to the superposition of two different resonance
patterns. Dual-wavelength ZHH differences exhibit modest positive correlations,
with the highest correlation for both prolate and oblate spheroids occurring for
S and X-band ZHH differences (Tables 2.4 and 2.5).
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Table 2.5: Correlation coefficient between dry oblate spheroid diameter and
dual-wavelength ZHH differences for different radar wavelength combinations.
Wavelengths Correlation Coefficient
S – C 0.51
S – X 0.78
C – X 0.65
To examine debris wetting effects, T-matrix calculations are performed for
wet prolate and oblate spheroids with axis ratios of 3 and 1
3
using a fractional
water content of 20%. Equivalent radar reflectivity factor for wet prolate and
oblate spheroids are shown in Figs. 2.22 and 2.23. Depending on debris size, de-
bris wetting can cause higher or lower equivalent radar reflectivity factor because
resonance scattering effects change. However, mean equivalent radar reflectiv-
ity factor for wet debris is 3.8, 4.8, and 4.6 dB greater than dry debris for wet
prolate spheroids at S, C, and X bands, respectively. For wet oblate spheroids,
mean equivalent radar reflectivity factor is 5.4, 1.7, and 2.5 dB greater than dry
oblate spheroids at S, C, and X bands, respectively. Thus, wetting effects on
wood debris tend to increase backscattered power compared to dry debris.
2.2 Aerodynamic characteristics of debris
The diverse physical properties of debris that lead to complex electromagnetic
scattering characteristics also lead to complex aerodynamic properties of debris.
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Figure 2.22: Equivalent radar reflectivity factor for a wet prolate wood spheroid
with an axis ratio of 3 and a vertically oriented symmetry axis at S, C, and
X bands. Equivalent radar reflectivity factor for wet prolate wood spheroids is
generally higher than dry prolate spheroids.
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Figure 2.23: Equivalent radar reflectivity factor for a wet oblate wood spheroid
with an axis ratio of 1
3
and a vertically oriented symmetry axis at S, C, and
X bands. Equivalent radar reflectivity factor for wet oblate wood spheroids is
generally higher than dry oblate spheroids.
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Debris aerodynamics can change as a function of the orientation of the debris
relative to the wind. Moreover, aerodynamic properties of debris not only de-
pend on physical characteristics of debris, but often vary significantly depending
on characteristics of the wind flow (e.g., mean speed or turbulence). In this sec-
tion, the aerodynamic properties of different airborne debris types are discussed,
including a discussion of the effects of the surrounding flow. An understanding
of debris aerodynamics is required to accurately calculate the three-dimensional
motion of debris.
2.2.1 Aerodynamic forces
Aerodynamics literature discusses two types of objects: bluff and stream-
lined bodies (Simiu and Scanlan 1996; Holmes 2001; Flay 2013). Flow over the
streamlined body exhibits parallel flow to a body (Fig. 2.24). In contrast, bluff
bodies exhibit a separation of the flow at the upstream corner(s) of an object
(Fig. 2.25), which creates a pressure minimum (wake low) downstream from the
object. At the interface of the uniform flow surrounding the object and the
downstream wake region, a shear layer develops with enhanced vortex genera-
tion. Vortices entrain air from the wake region, reducing pressure in the wake
region. Note that if flow separation did not occur and streamlines remained
parallel to the object, pressure would increase downstream as flow decelerates
around the body.
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Figure 2.24: Example of uniform flow around a streamlined body (adapted from
Flay (2013)). The streamlines are parallel to the object.
Figure 2.25: Example of uniform flow around a bluff body (adapted from Flay
(2013)). The streamlines downstream from the object are not parallel, and a low
pressure area develops on the downstream side of the object. A shear layer also
develops at the interface between the uniform, outer flow and the downstream
wake region.
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Bernoulli’s equation can illuminate some properties of the flow at the up-
stream stagnation point, and is used to derive the expression for a non-dimensional
pressure coefficient. Bernoulli’s equation (2.36) states that the static and dy-
namic pressure (first and second terms on the left-hand side of the equation) are
constant along a streamline. In order for Bernoulli’s equation to be valid, the
flow must be inviscid and not rotating. Hence, Bernoulli’s equation would not
be valid in the wake region of the bluff body.
p+
1
2
ρU2 = Const. (2.36)
The pressure difference between the ambient flow and the upstream stagnation
point can be expressed as
p− po = 1
2
ρ
(
U2o − U2
)
, (2.37)
where the ambient flow velocity and pressure are expressed as Uo and po, re-
spectively. To obtain a pressure coefficient, Cp, the right-hand side of (2.37)
is divided by the dynamic pressure of the ambient flow. Thus, the pressure
coefficient is,
Cp =
1
2
ρ (U2o − U2)
1
2
ρU2o
. (2.38)
To obtain a non-dimensional representation of aerodynamic forces (Holmes
2001), force coefficients (CF ), are obtained by dividing the aerodynamic force
(FA) by the product of the dynamic pressure and the object’s area, A:
CF =
FA
1
2
ρU2oA
. (2.39)
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Drag (lift) forces represents the aerodynamic force acting along (normal to) the
direction of the wind. Hence, aerodynamic force coefficients are often represented
in terms of the drag (CD) and lift (CL) coefficients. Aerodynamic drag forces can
also be expressed in Cartesian coordinates, Cdx, Cdy, and Cdz. This representa-
tion of aerodynamics force coefficients is typical for wind tunnel measurements,
which enable more sophisticated debris trajectory calculations by incorporating
three-dimensional variations in aerodynamic forces (e.g., Richards et al. 2008).
2.2.2 Debris classification and wind speed thresholds for flight
A general classification of debris types based on aerodynamic properties was
developed by Wills et al. (2002), who classified debris types into three cate-
gories: compact, plate and rod (Fig. 2.26). Compact debris possess similar
spatial dimensions in all three dimensions, including debris such as rocks. Plate
or sheet-type debris exhibit two similar spatial dimensions and one compara-
tively smaller dimension. Examples of plate-type debris include plywood sheets
or roof-tiles. Finally, rod-type debris exhibit a particular length and diameter,
and could represent debris with one dimension that is much longer than the
other two dimensions, such as “2x4”s or fence posts.
The aerodynamic force, Fa, for different debris types is given by,
Fa =
1
2
ρU2rACF , (2.40)
where ρ is the air density, Ur is the air-debris relative velocity, A is the cross-
sectional area of the debris, and CF is the aerodynamic force coefficient. For
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Figure 2.26: Compact, sheet, and rod type debris with characteristic dimensions
(adapted from Wills et al. (2002)). Characteristic dimensions for the compact,
sheet, and rod debris types are length (l), thickness (t), and diameter (d).
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simplified estimates of compact debris motion, Wills et al. (2002) assumed that
the aerodynamic force coefficient is independent of object orientation, or an
average value over all orientations.
A critical component of debris studies involves determining the necessary
criteria for the initial debris launch. The Wills et al. (2002) model provides a
simplified physical model for understanding characteristics of debris flight for
different debris types. For loose debris, debris flight occurs when the aerody-
namic force acting on the debris exceeds its weight (i.e., Fa > mg). For debris
attached to the surface, the force required to dislodge debris and enable flight
exceeds its weight. Wills et al. (2002) define the fixing integrity parameter, I, as
the ratio of the force required to dislodge the debris to its mass. Incorporating
the fixing integrity parameter, a general equation for the criteria for debris flight
is,
1
2
ρU2r l
2CF > mgI. (2.41)
Using the masses for compact (2.42), plate (2.43), and rod type debris (2.44),
where t is the thickness of the plate, d is the diameter of the rod, and ρd is the
debris density, the wind speed thresholds for debris flight is obtained for compact
(2.45), sheet (2.46), and rod (2.47) debris.
m = ρdl
3 (2.42)
m = ρdtl
2 (2.43)
m = ρdπ
(
d
2
)2
l (2.44)
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U2r = 2
ρd
ρ
I
CF
lg (2.45)
U2r = 2
ρd
ρ
I
CF
tg (2.46)
U2r =
π
2
ρd
ρ
I
CF
dg (2.47)
The debris flight initiation equations above illuminate basic characteristics of
debris flight initiation for different debris types. In particular, for a given debris
type the wind speed required for debris to become airborne can be determined
(although Ur is the air-debris relative velocity, U is the air speed before debris
movement initiates). For plate- and rod-type debris, plate thickness and rod
diameter affect the wind speed flight threshold, whereas the horizontal plate
dimensions and rod length have no effect.
Although the basic formulation above provides a relationship between debris
flight initiation and wind speed, the arbitrary fixing integrity parameter could
vary widely for natural and man-made structures. Moreover, the complexities of
aerodynamic force coefficients likely create more complicated behavior in debris
flight characteristics. In particular, non-spherical debris exhibit varying aerody-
namic force coefficients depending on their orientation (discussed later). Finally,
other factors could lead to a time-dependent behavior of the fixing integrity
parameter, such as debris impacts loosening a fixed object on the surface.
2.2.3 Measured aerodynamic force and moment coefficients
In this section, a brief discussion of drag force coefficients for different objects
is discussed, including spherical, plate, and rod debris.
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2.2.3.1 Spherical debris
Spherical debris represent the simplest case for drag force coefficients be-
cause their drag force coefficient is independent of orientation. Even though the
drag force coefficient exhibits isotropic behavior, spherical debris drag force co-
efficients exhibit large variations as a function of the particle Reynolds number,
Rep,
Rep =
|ui − udi|D
ν
, (2.48)
where ui and udi are the air and debris velocities in tensor notation, D is the
particle diameter, and ν is the kinematic viscosity (ν = µ
ρ
, where µ is the air
viscosity). This Reynolds number formulation differs from the common form
in fluid dynamics (Re = uL/ν) because a particle-relative velocity is used and
the particle diameter is used as a length scale. Laboratory measurements of CD
show that CD decreases as Rep increases (Fig. 2.27). White (2006) presents the
following empirical formulation of CD as a function of Rep:
CD =
24
Rep
+
6
1 +
√
Rep
+ 0.4 0 ≤ Rep ≤ 2× 105 (2.49)
which fits the data to within an accuracy of ±10%.
For Rep greater than 2 × 105, the flow around the sphere becomes “super-
critical”, and the flow around the sphere’s surface becomes turbulent farther
upstream (White 2006). A pressure gradient acts against the flow around the
sphere on the downstream half because a pressure minimum exists at the mid-
point (according to Bernoulli’s law, the flow accelerates around the sphere and
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Figure 2.27: Drag force coefficient (CD) as a function of the particle Reynolds
number (Rep) (adapted from White (2006)). CD generally decreases as the
particle Reynolds number increases.
Figure 2.28: Example of a lower Reynolds number flow in which the wake forms
on the upstream half of the sphere. A large wake develops on the downstream
half of the sphere (adapted from Van Dyke (1982)).
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Figure 2.29: “Supercritical” flow in which wake formation occurs on the down-
stream half of the sphere. A trip wire is placed on the sphere to induce turbulence
because much higher Reynolds number flow simulations are not feasible (adapted
from Van Dyke (1982)).
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therefore pressure must decrease). In the presence of turbulence, however, mo-
mentum transfer inhibits the near-surface flow reversal which causes the wake to
form. As a result, increased turbulence leads to the wake forming further down-
stream and creates a smaller wake and reduced drag (White 2006; Flay 2013).
Examples of laminar and turbulent flows are shown in Figs. 2.28 and 2.29.
2.2.3.2 Plate- and rod-type debris
In contrast to spherical debris, non-spherical debris pose unique challenges
due to anisotropic variations in drag force coefficients. However, the sharp
edges of debris cause flow separation and wake formation, even at low values
of Rep, which significantly reduces the dependence of the drag force coefficient
on Rep (Scruton 1981). Thus, measurements of drag force coefficients of non-
spherical debris made at lower Rep (e.g., in wind tunnels) can be extended to
higher Rep flows (Flay 2013).
Numerous wind tunnel measurements have been conducted to determine the
normal force coefficients, CN , for square plates in two-dimensional flows (Hoerner
1965; Tachikawa 1983; Lin et al. 2006; Holmes et al. 2006). CN represents the
aerodynamic force coefficient perpendicular to the plate, and the plate is assumed
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to rotate only in the direction of the flow. Holmes et al. (2006) created a model
for CN based on these wind tunnel measurements (Fig. 2.30), as follows:
CN =


1.7(θ/40◦) θ < 40◦
1.15 40◦ ≤ θ < 140◦
1.7(180◦ − θ)/40◦ θ ≥ 140◦


(2.50)
where θ is the attack angle of the square plate, or the angle between the wind
vector and the square plate. In their model, the normal force coefficient increases
with increasing plate inclination relative to the wind and a larger wake is pro-
duced behind the plate up to a 40◦ inclination angle. Using the normal force
coefficients, the drag and lift force coefficients can be calculated using (2.51) and
(2.52).
CD = 0.1 + CN sin(θ) (2.51)
CL = CN cos(θ) (2.52)
The aerodynamic moments, sometimes called pitching moments, describe the
aerodynamic force acting on debris at its aerodynamic center. The aerodynamic
center represents the point where the pitching moment does not depend on the
inclination angle of debris (Flandro et al. 2011). The aerodynamic moment
coefficients, CM , determine the rotational characteristics of non-spherical debris.
Holmes et al. (2006) developed a model for CM based on wind tunnel data as
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Figure 2.30: Wind tunnel measurements of the normal force coefficient, CN , for
square plates compared to the model by Holmes et al. (2006) (adapted from
Holmes et al. (2006)). Normal force coefficients increase up to a 38◦ angle of a
attack, and remain constant up to 90◦.
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a function of inclination angle where CM = CN
(
dpc
l
)
, and dpc
l
is computed as
follows:
dpc
l
=


0.3− 0.22(θ/38) θ ≤ 38◦
0.08 cos(2(θ − 38)) 38◦ ≤ θ < 82.5◦
0 82.5◦ ≤ θ < 97.5◦
−0.08 cos(2(142− θ)) 97.5◦ ≤ θ < 142◦
−0.3 + 0.22((180− θ)/38) θ ≥ 142◦


(2.53)
where dpc is the distance from the center of the plate to the location where the
maximum pressure is exerted on the plate.
Surprisingly few studies have documented rotationally varying aerodynamic
force and moment coefficients for rod-type debris. Aerodynamic force and mo-
ment coefficient measurements for rod-type debris are expected in the near future
at the Environmental Wind Engineering Laboratory at Kyoto University. Lin
et al. (2007) obtained mean and standard deviations of drag force coefficients for
rod-type debris. The mean and standard deviation of CD is 0.809 and 0.0203, re-
spectively. Richards (2012) also show aerodynamic force and moment coefficients
for rod-type debris with three different thicknesses.
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Chapter 3
Tornado Damage Estimation Using Polarimetric Radar
This chapter discusses the potential of tornadic debris signature parameters
for near real-time damage estimation using data from a polarimetric WSR-88D
radar. TDS parameters are calculated and compared to detailed damage surveys
provided by the National Weather Service (NWS). In addition to this study, an
analysis of TDS parameters compared to damage surveys at C band is presented
in Bodine et al. (2011).
3.1 Introduction
Although previous studies have shown the capability to use polarimetric
radar to detect tornadoes, the application of the TDS to estimate near-real-time
tornado damage severity has not yet been thoroughly examined. In this chapter,
modified versions of the Ryzhkov et al. (2005) TDS parameters and new TDS
parameters are examined using KOUN S-band polarimetric WSR-88D (Doviak
et al. 2000) radar data. TDS parameters are compared to detailed damage sur-
veys provided by the NWS Weather Forecast Office (WFO) in Norman, Okla-
homa. TDS parameters are tested on the 14 tornado cases from the 10 May 2010
and 24 May 2011 tornado outbreaks, providing an analysis of the performance
of TDS parameters for varied tornado intensities and sizes, distances from the
70
radar, and different storm-scale environments. In addition to these 14 tornado
cases, seven tornado cases that did not produce TDSs are also documented.
Section 3.2 presents a description of the data from the Norman, Oklahoma
(KOUN) polarimetric WSR-88D, a brief overview of the tornado outbreaks and
tornado damage surveys, and a description of the TDS parameters evaluated
in the study. In Section 3.3, detailed comparisons between two NWS damage
surveys and TDS parameters are presented. Section 3.4 compares the highest
and lowest values of TDS parameters for 14 tornado cases with the EF-rating
of each tornado. A discussion of potential factors impacting the TDS and the
strengths and limitations of each TDS parameter is presented in Section 3.5,
followed by the conclusions from the study in Section 3.6.
3.2 Data and TDS parameter design
3.2.1 Data and damage survey overview
Data from the KOUN radar located in Norman, Oklahoma are analyzed in
this study. KOUN is a prototype WSR-88D polarimetric (dual-pol) S-band radar
with a 0.9◦ beamwidth and 250-m range resolution. Raw, Level-II KOUN data
from the 10 May 2010 and 24 May 2011 tornado outbreaks are examined in this
study (different from the gridded data used in Ryzhkov et al. 2005). During
both events, KOUN operated volume coverage pattern (VCP) 12 (Brown et al.
2005b), which includes the following elevation angles: 0.5◦, 0.9◦, 1.3◦, 1.8◦, 2.4◦,
3.1◦, 4.0◦, 5.1◦, 6.4◦, 8.0◦, 10.0◦, 12.5◦, 15.6◦, and 19.5◦. The 0.5◦, 0.9◦, and 1.3◦
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elevation angles are oversampled at 0.5◦ resolution (Brown et al. 2005a), and the
VCP requires 4 min 18 s to complete.
On 10 May 2010, 55 tornadoes struck portions of central and eastern Okla-
homa. The two strongest tornadoes were rated EF-4 and occurred near Norman,
Oklahoma. For a detailed discussion about the 10 May 2010 tornado outbreak
and C-band observations of TDSs, the reader is referred to Palmer et al. (2011).
On 24 May 2011, 12 tornadoes struck western and central Oklahoma, including
2 EF-4 tornadoes and 1 EF-5 tornado. Fig. 3.1 shows the tornado damage paths
on 10 May 2010 and 24 May 2011, which were plotted using data provided by
the Norman NWS WFO. Of the tornadoes shown in Fig. 3.1, only the tornadoes
occurring within 120 km of KOUN are investigated.
Damage surveys based on the EF-scale are compared to TDS parameters.
The EF-rating depends on the type of damage indicators along the damage path
and the degree of damage (WSEC 2006). An important note is that the EF-
scale underestimates tornado wind speeds when the highest degree of damage
for the damage indicators is observed. In rural areas, the upper bound of wind
speed that can be established from tree damage, farm buildings, or manufactured
homes, is much lower than engineered structures, sometimes resulting in under-
estimated maximum wind speeds. Accordingly, some discrepancies between the
along-path EF-scale rating and TDS parameters may be expected, even though
both are dependent upon tornado damage. For example, consider a tornado
producing isolated, EF-4 damage to a well-constructed home and an identical
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Figure 3.1: Damage tracks for tornadoes 1 – 21 discussed in this study from 10
May 2010 and 24 May 2011. The dashed box on the upper left panel indicates
the location of the inset panel on the top right. The bottom left panel shows
the tornadoes in south central Oklahoma on 10 May 2010 and the bottom right
panel shows the damage survey from 24 May 2011. The X and Y coordinates
indicate the zonal and meridional distance from KOUN.
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tornado that remains in a rural area with no engineered structures. The TDS for
a tornado producing EF-4 damage to the residence may not differ significantly
from the same tornado in a rural area with no engineered structures unless the
debris lofted from the residence substantially changes the TDS. Moreover, the
contribution of debris from the isolated residence may only affect a small portion
of the TDS for a large diameter tornado. Given that the differences in TDSs
resulting from engineered structures and vegetation are not well understood,
the differences in TDSs resulting from man-made structures and vegetation are
unknown.
A reasonable hypothesis is that a more intense tornado may loft more tornadic
debris than a weaker tornado. Nonetheless, complex relationships between dam-
age characteristics and spatial distributions of tornado wind speeds may emerge.
For example, damage caused by rapidly translating suction vortices may differ
from damage associated with tornadoes characterized by nearly axisymmetric
velocity distributions acting over longer periods of time (Snyder and Bluestein
2014). In the absence of engineered structures, the TDS may reflect changes in
tornado intensity that cannot be deduced by the EF-scale in the absence of en-
gineered structures (e.g., a violent tornado lofting more vegetation than a weak
tornado). Nonetheless, because near-surface, tornado-scale wind measurements
were not available along the damage path, the focus of this study is to compare
EF-rating and damage path width to TDS parameters, not tornado intensity.
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3.2.2 Threshold determination
Before TDS parameters are introduced, the determination of thresholds is dis-
cussed. Given that the data set encompasses a relatively small number of cases,
the presented thresholds may not be optimal for all tornado cases. Moreover,
differences in population density or vegetation type may result in variations of
lofted debris type, size, and concentration, and could affect what TDS threshold
is optimal.
The purpose of the thresholds is to identify resolution volumes containing
tornadic debris. To identify possible thresholds, all of the 0.5◦ KOUN data within
2 km for the 21 tornado cases were aggregated to examine the distributions of
ZHH , ZDR, and ρHV within 2 km of these tornadoes. Bivariate histograms of
ZDR and ρHV , and ZHH and ρHV were produced using these data (Fig. 3.2).
Bivariate histograms of ZDR and ρHV reveal a wide range of ZDR values for
lower ρHV values, but a shift toward positive values for higher ρHV (Fig. 3.2a).
The increase in ZDR as ρHV increases is likely due to an increasing contribution
of precipitation within the resolution volume (Bluestein et al. 2007; Schwarz and
Burgess 2011; Bodine et al. 2011). To determine an appropriate ρHV threshold
(hereafter, ρˆHV ), the median ZDR was computed for all 0.5
◦ KOUN data used
in the study. The median ZDR remains below 0.5 dB for ρHV values between 0.2
– 0.82. However, median ZDR increases as ρHV increases for ρHV > 0.82, likely
due to an increasing contribution of rain drops within the resolution volume.
So, the ρˆHV used in this study is 0.82. At S-band, this ρˆHV also excludes very
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large hail (Picca and Ryzhkov 2012). The median ZHH for resolution volumes
with ρHV < below 0.82 was 43 dBZ. The median ZHH value is used as the
threshold for ZHH (hereafter, ZˆHH). The first set of thresholds, ρˆHV= 0.82 and
ZˆHH= 43 dBZ, will be called T1. For comparison, a second set of thresholds is
presented for comparison. A second ZˆHH value of 51 dBZ is based on the 75th
percentile ZHH value for all of 0.5
◦ KOUN data described above satisfying ρHV <
0.82. A second ρˆHV of 0.72 is used, based on the 25th percentile ρHV value for
all of the 0.5◦ KOUN data described above. The second set of thresholds will be
called T2.
3.2.3 TDS parameters
This study investigates two categories of TDS parameters: lowest elevation
angle and spatial TDS parameters. Lowest elevation angle TDS parameters
examine 10th or 90th percentiles of polarimetric variables at the lowest available
elevation angle (0.5◦ herein). The 10th percentile ρHV value, q0.1{ρHV }, is defined
as the 10th percentile of ρHV values where ZHH > ZˆHH . The 10th percentile
ZDR parameter, q0.1{ZDR}, is computed using all resolution volumes with ZHH >
ZˆHH and ρHV < ρˆHV . q0.9{ZHH} is defined as the 90th percentile ZHH value
where ρHV < ρˆHV . Lowest elevation angle TDS parameters were only calculated
if at least 10 resolution volumes satisfied the aforementioned thresholds.
A spatial resampling was applied to the lowest elevation angle TDS param-
eters using a nonparametric ordinary bootstrap resampling procedure (Efron
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Figure 3.2: Log10 bivariate histograms showing (a) ZDR and ρHV , and (b)
ZHH and ρHV . The solid black line on (a) shows the median value of ZDR as a
function of ρHV . The median ZDR increases above 0.5 dB (black, dashed line)
at ρHV = 0.82.
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1979). The term bootstrap originated from the phrase, “to lift himself up by his
bootstrap”, and refers to doing something seemingly impossible. In statistics,
bootstrapping involves resampling from the same population multiple times to
improve statistical estimates. For statistics herein, 1000 bootstrap resamples
were taken to estimate the 95% confidence interval (CI). An important note
is that the spatial correlation of polarimetric radar variables may result in an
underestimate of CI. While a moving-tile resampling procedure was considered
(e.g., Davison and Hinkley 1997), it was not possible to obtain a sufficiently
large number of tiles to produce enough resamples for analysis times with smaller
TDSs.
Modeling studies suggest that large debris concentrations decrease as a func-
tion of height (Dowell et al. 2005), so temporal changes in lowest elevation angle
TDS parameters could reflect changes in sampling height rather than temporal
evolution of the tornado. Tornado observations at close ranges have observed
that ZHH often decreases with height in tornadoes (e.g., Wurman et al. 1996;
Wurman and Gill 2000; Bluestein et al. 2004; Wakimoto et al. 2011), so changes
in range must be considered when applying the lowest elevation angle TDS pa-
rameters, particularly for tornadoes at close ranges. Nonetheless, because the
highest concentration of debris elements is near the surface and lofted debris
reaches the lowest elevation angle faster than higher elevation angles, the lowest
elevation angle may yield the most important information about lofted tornadic
debris and the severity of tornado damage.
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Spatial TDS parameters provide a method of estimating the amount of res-
olution volumes containing tornadic debris. These parameters are based on the
areal or volumetric coverage of the TDS, defined using ZˆHH and ρˆHV . The areal
coverage of the TDS, AiTDS, is the total area of resolution volumes where ZHH >
ZˆHH and ρHV < ρˆHV , and provides an estimate of the total area of resolution
volumes containing debris at a particular elevation angle, i. Quantization effects
are possible for smaller tornadoes where only a few resolution volumes contain
a TDS. For the time series of TDS parameter presented later, however, typical
numbers of resolution volumes ranged from 30 – 200. AiTDS is computed at mul-
tiple elevations to estimate the TDS volume, VTDS. VTDS (3.1) is obtained by
summing the areal coverage through all elevation angles in the volume (N to-
tal elevation angles) after computing the representative depth of each elevation
angle, ∆hi. If a TDS is observed between two consecutive elevation angles, it is
assumed to be continuous between the two elevation angles.
VTDS =
N∑
i=1
AiTDS∆hi. (3.1)
To compute ∆hi, the midpoint between the adjacent upper and lower elevation
angles must be computed. The lower midpoint, zL, is determined by averaging
the beam height at the current elevation angle, i, and the previous elevation
angle, i − 1. The upper midpoint, zU , is determined by averaging the beam
height of the current elevation angle and next elevation angle, i+ 1. Then, ∆hi
is zU - zL.
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The final TDS parameter is the maximum TDS height, hmax, which is the
maximum height where ZHH > ZˆHH and ρHV < ρˆHV during a volume scan. As
a check for vertical continuity of the TDS, the TDS must be also observed at
the next lowest elevation angle (except at the lowest elevation angle).
3.3 Detailed comparisons with damage surveys
3.3.1 Chickasha-Newcastle EF-4 tornado
The 24 May 2011 Chickasha-Newcastle EF-4 tornado forms in the southern
part of Chickasha, Oklahoma at 2206 UTC. At 2208 UTC, the tornado produces
EF-0 to EF-1 damage (Fig. 3.3). Two resolution volumes with ZHH between
30 – 40 dBZ and ρHV < 0.85 are observed at 0.5
◦ (about 580 m AGL), per-
haps indicating some lofted light debris by the tornado (not shown). At 2212
UTC, the tornado produces EF-1 and EF-2 damage on the east side of Chickasha
(Fig. 3.3, 3.4). Fig. 3.5 shows the 0.5◦ elevation ZHH , vr, ρHV , and a TDS is
seen at X = -41 km, Y = -23 km. The changes in TDS parameters correspond
to an increase in tornado EF-rating during this period (Fig. 3.6). q0.9{ZHH} in-
creases (Fig. 3.6a,b), and q0.1{ρHV } and q0.1{ZDR} decrease for thresholds T1
(Fig. 3.6c,e). The higher ZˆHH imposed for T2 prevents a TDS parameter cal-
culation for q0.1{ρHV } and q0.1{ZDR} until 2216 UTC (Fig. 3.6d,f). The areal
coverage of the TDS at the lowest elevation angle, A1TDS, TDS volume, and TDS
height increase for T1, but A1TDS and the TDS height do not change for T2
80
Figure 3.3: Damage surveys complied by the Norman, Oklahoma NWS WFO for
the Chickasha-Newcastle and Washington-Goldsby tornadoes on 24 May 2011.
The EF-rating along the damage path is contoured, and the times and locations
of the center of tornado vortex signature at 0.5◦ are shown by the white text
and lines, respectively. The blue circle shows the location of KOUN. The boxes
A, B, and C denote parts of the damage path shown in more detail in Fig. 3.4.
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Figure 3.4: Zoomed and rotated images of the Chickasha-Newcastle tornado
damage path (A and B), and the Washington-Goldsby tornado damage path
(C) on 24 May 2011. The image has been rotated so that the x-axis is oriented
southwest to northeast, the y-axis is oriented from southeast to northwest. The
EF-rating along the damage path is contoured, and the times and locations of
the center of tornado vortex signature at 0.5◦ are shown by the white text and
gray dots, respectively. The white arrow points north.
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(Fig. 3.7). During this period, the width of the damage path remains between
150 – 250 m (Fig. 3.4).
The tornado EF-rating increases to EF-4 and the damage path widens from
250 – 650 m between 2212 and 2216 UTC (Fig. 3.4). For thresholds T1 and
T2, q0.9{ZHH} increases (no CI overlap), and q0.1{ZDR} and q0.1{ρHV } values
decrease to their lowest values observed for the tornado (Fig. 3.6). While the
CIs at 2212 and 2216 UTC overlap for q0.1{ρHV } and q0.1{ZDR}, the CIs do not
overlap the mean over all resamples. Hence, a statistically significant difference
remains likely. For both thresholds, A1TDS, TDS volume, and TDS height in-
crease (Fig. 3.7). The volumetric TDS parameters exhibit a more substantial
change than the lowest elevation angle TDS parameters. Because spatial TDS
parameters are based on the spatial coverage of resolution volumes with tornadic
debris, these parameters may provide a better estimate of the total amount of
damage occurring. Moreover, TDS volume and height increase due to the vertical
advection of tornadic debris through the updraft.
The tornado produces EF-3 to EF-4 damage over a 700 – 1000 m path be-
tween 2221 – 2229 UTC (Fig. 3.4). During this period, q0.9{ZHH} exhibits sta-
tistically significant increases for both T1 and T2 (Fig. 3.6a,b). q0.1{ρHV } and
q0.1{ZDR} remain very low for both T1 and T2, and statistically significant
changes are not observed (Fig. 3.6c,d,e,f). The brief increase in q0.1{ZDR} oc-
curs as a band of large drops wraps around the vortex at 2221 UTC (not shown),
and may have increased ZDR values. At 2225 and 2229 UTC, a TDS based on
83
Figure 3.5: 0.5◦ elevation ZHH , vr, ρHV at 2212, 2225, and 2238 UTC for the
Chickasha-Newcastle, Oklahoma tornado. The solid black line shows the Chick-
asha, Oklahoma damage path and the thin black line is the radial at a 240◦ az-
imuth. The black arrow indicates the location of the TDS.
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Figure 3.6: TDS parameters q0.9{ZHH} for (a) T1 and (b) T2, q0.1{ρHV } for (c)
T1 and (d) T2, and q0.1{ZDR} for (e) T1 and (f) T2, shown for the Chickasha,
Oklahoma EF-4 tornado. The error bars show the 95% CI for each parameter
based on 1000 bootstrap resamples. The black dash dotted line on (a) shows the
height of the beam at the 0.5◦ elevation (in m times 10).
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Figure 3.7: (a) A1TDS for T1 and T2, (b) TDS volume for T1 and T2, (c) hmax for
T1 and T2, shown for the Chickasha, Oklahoma EF-4 tornado. For hmax and
TDS volume, the black dots indicate where a TDS occurs at the highest elevation
angle, so the TDS may extend higher and the TDS height and volume may be
underestimated. For each plot, the solid and dashed lines show the values for
T1 and T2, respectively.
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threshold T1 is identified at the highest elevation angle, so the TDS volume and
height shown are likely underestimated (Fig. 3.7b). At 2225 UTC, the maximum
TDS height and volume for T1 are observed, 9.6 km and 44 km3, respectively.
Figs. 3.5 and 3.8 show ZHH , vr, and ρHV at 0.5
◦, 3.2◦, 8.1◦, and 15.6◦ eleva-
tion angles. A TDS occurs at each elevation angle, although the areal extent
of the TDS decreases at the higher elevation angles. Using thresholds T2, the
TDS volume reaches a maximum of 24 km3 (Fig. 3.7b). While the TDS extends
through the highest elevation angle at 2229 UTC, the TDS volume of 19 km3 is
likely a good estimate because the areal coverage of debris resolution volumes at
19.5◦ elevation angle is quite small compared to the lower elevation angles.
Between 2229 – 2234 UTC, the damage survey indicates a 3-km swath where
the damage path narrowed to 300 – 400 m and primarily EF-1 damage is ob-
served (Box B in Fig. 3.4). Between 2229 – 2234 UTC, the TDS height and
volume for T2 both decrease, while the TDS height and volume for T1 remain
unbounded (Fig. 3.6c,d). For this particular case, the less stringent thresholds
T1 are less useful because they do not constrain the TDS height within the
VCP. The 0.5◦ elevation scans occur at 2229 and 2234 UTC, so KOUN did not
have observations at the 0.5◦ elevation during the brief period of reduced damage
severity and extent. A statistically significant reduction in q0.9{ZHH} is observed
at 2234 UTC compared to 2229 and 2238 UTC. Hence, a slight reduction in the
q0.9{ZHH} at 2234 UTC could correspond to less debris lofted at 0.5◦ elevation
(Fig. 3.6a,b).
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Figure 3.8: 3.2◦, 8.1◦, and 15.6◦ elevation ZHH , vr, ρHV at 2225 UTC for the
Chickasha, Oklahoma tornado, which correspond to an altitude of 1.9, 4.6, and
7.8 km AGL at the center of the image. The thin black line is the radial at a
240◦ azimuth, and the black arrow indicates the location of the TDS.
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The period of reduced damage severity and extent corresponds to a more pro-
nounced decrease in TDS height and volume compared to q0.9{ZHH}. The TDS
volume and height remain relatively low between 2234 – 2238 UTC (although
still lofting debris above 2 km) after the tornado EF rating increases to 3 and 4
(Fig. 3.4). However, the reduced TDS height and volume may be attributed to
the brief decrease in damage severity and extent and consequently less lofted de-
bris through the storm, or a decrease in updraft intensity which would decrease
the vertical velocities of debris elements. Given that debris must be lofted to 5
km to affect the maximum height of the TDS, we suspect that decreased updraft
intensity may play a role in lowering the TDS height and perhaps reducing the
TDS volume.
The EF-rating decreases from 4 to 1 between 2238 – 2247 UTC (Fig. 3.3).
q0.9{ZHH} decreases (Fig. 3.6a,b) while q0.1{ρHV } and q0.1{ZDR} do not exhibit
statistically significant changes. The spatial TDS parameters remain relatively
constant or even increase in some cases (Fig. 3.7). During the 2238 UTC volume
scan, debris fallout away from the tornado occurs within the rear-flank downdraft
(RFD) with high ZHH (40 – 55 dBZ) and low ρHV (< 0.8) (Fig. 3.5). The
increased amount of debris at the lower elevation angles causes the areal coverage
parameter to increase or remain constant (Fig. 3.7a), even though the severity of
damage and amount of damage decrease. The large region of debris fallout may
indicate a weakening of the updraft, as previously suggested. For thresholds T1
and T2, TDS volume and hmax exhibits a secondary maximum during the 2242
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and 2247 UTC scans, although hmax is lower than the 6+ km maximum observed
earlier (Fig. 3.7b,c). In this case, the vertical advection of lofted tornadic debris
during the reintensification of the tornado and widening of the damage path
between 2234 – 2238 UTC may cause this maximum in TDS height 5 – 10 min
later. However, a weaker updraft could explain why the TDS height and volume
remain lower than the previous period of EF-3 and EF-4 damage.
As the tornado dissipates between 2251 – 2259 UTC, most of the TDS pa-
rameters indicate a decrease in the amount of lofted tornadic debris. A1TDS, and
TDS volume decrease throughout this period for both T1 and T2. The TDS
height for T2 decreases, while the TDS height for T1 fluctuates considerably.
At 2259 UTC, the TDS parameters indicate a decrease in the amount of tor-
nadic debris lofted, and the tornado dissipates at 2301 UTC according to the
NWS damage survey (Fig. 3.3). By 2259 UTC, q0.9{ZHH} falls below 50 dBZ,
and q0.1{ρHV } and q0.1{ZDR} both increase to their highest values since the
tornado formed (Fig. 3.6). The CIs reveal statistically significant increases in
q0.9{ZHH} and decreases in q0.1{ρHV } and q0.1{ZDR} between 2251 – 2259 UTC.
A1TDS and TDS volume decrease to their lowest values since the tornado formed,
and TDS is only detected when using thresholds T1 within the lowest 1 km
(Fig. 3.6). Some of the remaining areas of high ZHH and low ρHV could result
from debris fallout from the weakening tornado and updraft and/or debris with
small terminal fall speeds (e.g., leaves, insulation).
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3.3.2 Washington-Goldsby EF-4 tornado
The 24 May 2011 Washington-Goldsby EF-4 tornado forms two miles west of
Bradley, Oklahoma at 2226 UTC (Fig. 3.3). At 2225 UTC, while a TDS is not
observed, ρHV values fall below the thresholds for T1 and T2 in the TVS (not
shown) where ZHH is between 20 – 25 dBZ (Fig. 3.9a,b). While lower ρHV could
result from a lower signal-to-noise ratio (SNR), much higher ρHV values (0.97
– 0.98) are observed at 20–25 dBZ within the hook echo (in regions with small
drops). So, the lower ρHV values within the TVS could indicate some light debris
being lofted at the onset of tornadogenesis.
The tornado produces EF-0 damage at 2229 UTC consisting of small and
large branch damage to hardwood trees (Fig. 3.3). Fig. 3.11 shows the 0.5◦ ZHH ,
vr, and ρHV at 2229, 2238, and 2259 UTC. At 2229 UTC, a TDS can be
seen by high ZHH (> 50 dBZ) and low ρHV . q0.9{ZHH} increases to 48 and
50 dBZ, respectively for T1 and T2 (Fig. 3.9a,b), and q0.1{ρHV } and q0.1{ZDR} in-
dicate low ρHV and ZDR values that were not present in the previous vol-
ume scan (Fig. 3.9c-f). The spatial TDS parameters increase between 2225
– 2229 UTC (Fig. 3.10). Between 2229 – 2234 UTC, the tornado produces EF-1
and EF-2 damage and the width of the damage path is between 300 – 400 m
(Figs. 3.3, 3.4). At 2234 UTC, q0.9{ZHH} exhibits a statistically significant in-
crease and q0.1{ρHV } and q0.1{ZDR} remain low but do not exhibit statistically
significant changes (Fig. 3.9). A1TDS, TDS volume, and TDS height increase be-
tween 2229 – 2234 UTC, except for TDS height using thresholds T1 (Fig. 3.10).
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To this point, the tornado has passed through rural areas and the damage sur-
vey does not indicate any damage to residences. Nonetheless, the tornado lofts
enough tree limbs, leaves, and other light debris to produce a substantial, deep
TDS.
The tornado EF-rating increases to 3 by 2238 UTC (Fig. 3.4). Between
2234 – 2238 UTC, statistically significant changes in the lowest elevation angle
TDS parameters (Fig. 3.9) were not observed, and the TDS height and volume
increase (Fig. 3.10b,c). Between 2238 – 2242 UTC, the tornado destroys a well-
constructed residence leaving only the concrete slab (EF-4 damage), and the
damage path widens to 500 – 700 m (Fig. 3.4). q0.9{ZHH} exhibits a statistically
significant increase (Fig. 3.9a) and the TDS height and volume reach their maxi-
mum values throughout the tornado (Fig. 3.10). For thresholds T1 a TDS occurs
at the highest elevation angle, so the TDS parameters may underestimate the
TDS volume and height (in this case, ≥ 32 km3 and ≥ 8.3 km). For thresholds
T2, the TDS volume and height are 16 km3 and 6.7 km, and maximum TDS
height is below the highest elevation angle.
Tornado damage severity and damage path width decrease between 2242 –
2247 UTC (Fig. 3.4). The tornado primarily produces EF-1 and EF-2 damage
with some small regions of EF-3 damage, and the width of the damage path
narrows to 250 – 400 m. By 2247 UTC, the TDS height for threshold T1 remains
unbounded, but the TDS height for threshold T2 falls from 8.3 to 3.2 km and
the TDS volume decreases from 16 to 5 km3 (Fig. 3.11). The decrease in TDS
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height and volume could reflect the reduction in tornadic debris lofted and/or
a weakening of the updraft. By the start of the 2247 UTC scan, the tornado
reintensifies and produces EF-4 damage. The CIs for q0.9{ZHH} overlap for T1
(but do not overlap the mean over all replicates) while the CIs for T2 do not
overlap. Hence, a statistically significant decrease in q0.9{ZHH} is likely observed
between 2242 – 2247 UTC (Fig. 3.9a,b).
The tornado produces primarily EF-3 damage between 2247 – 2251 UTC
with some small regions of EF-4 damage (Fig. 3.4). The width of the damage
path fluctuates considerably, ranging from 150 – 600 m. During this period, the
TDS volume (for T2) increases slightly (Fig. 3.10b,c). The q0.9{ZHH} parameter
increases slightly to 66 dBZ for both T1 and T2 (Fig. 3.9a,b) while statistically
significant changes in the other lowest elevation angle TDS parameters are not
observed.
Between 2251 – 2255 UTC, a broader region of EF-3 damage is observed
and the damage path width ranges from 400 – 900 m (Fig. 3.4). The tornado
was approaching KOUN from the south, and was located 13–18 km from KOUN
between 2251–2255 UTC. Using threshold T1, the TDS height cannot be deter-
mined beginning at 2242 UTC through tornado dissipation. However, the more
stringent threshold resolves that the TDS height decreases from 6 km to 3 km
between 2251 – 2259 UTC. During this same period, the TDS volume remains
approximately constant while the tornado continues to produce EF-2 to 4 dam-
age. The decrease in TDS height with a constant TDS volume suggests that the
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debris is more concentrated at lower levels. This could result from a weakening
storm-scale updraft, which would reduce the updraft’s ability to loft and suspend
debris at the mid- and upper-levels of the storm.
As the tornado weakens, q0.9{ZHH} decreases to 53 dBZ by 2259 UTC for T1
and T2 (Fig. 3.9a). However, q0.1{ρHV } shows statistically significant decreasing
values for T1 (Fig. 3.9b,c,d). Just prior to dissipating, the tornado produces EF-
4 damage, which may account for the low ρHV and ZDR values. As the tornado
dissipates, a broad large region of lofted debris descends from the weakening
storm. Scientists at the National Weather Center observed pieces of insulation
and leaves falling after the tornado dissipated. A broad region of lower ρHV and
high ZHH (Fig. 3.11) over a 3.5 km
2 region is observed between 2259 – 2304 UTC,
causing increase in A1TDS. Using thresholds T2, however, A
1
TDS decreases during
this period.
3.4 Evaluation of TDS parameters as tornado damage
metrics
Table 3.1 lists 21 tornado cases investigated in this study, including 14 that
produced a TDS and 7 missed detections (labelled ND). TDS parameters are
computed for the 14 tornadoes that produced TDSs throughout the duration of
the tornado, using the times provided by the National Weather Service damage
surveys. In some cases, fewer than 10 resolution volumes met the specified
thresholds. q0.1{ρHV } and q0.1{ZDR} have 13 and 11 cases for thresholds T1 and
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Figure 3.9: Same as Figure 3.6, except for the Goldsby EF-4 tornado. NT
indicates that a tornado was not observed.
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Figure 3.10: Same as Figure 3.7, except for the Goldsby EF-4 tornado. NT
indicates that a tornado was not observed.
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Figure 3.11: 0.5◦ elevation ZHH , vr, ρHV at 2229, 2238, and 2259 UTC for
the Washington-Goldsby, Oklahoma tornado. The solid black line shows the
Washington-Goldsby, Oklahoma damage path and the thin black line is the
radial at a 210◦ azimuth. The black arrow indicates the location of the TDS.
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T2, respectively, whereas q0.9{ZHH} has 14 cases for both thresholds. The table
shows the location, date, EF-rating, tornado times, and the range from KOUN.
Tables 3.2 and 3.3 show the maximum or minimum values of TDS parameters
for thresholds T1 and T2, respectively.
Two tornadoes were excluded owing to difficulties in either separating the
TDS from another tornado or temporal sampling limitations. The parent storm
of the Chickaska-Newcastle EF-4 tornado (tornado 19) produces a satellite tor-
nado (tornado 3), which occurs within the TDS of the EF-4 tornado. The
southern Moore EF-1 tornado (tornado 6) lasts only 1 min according the NWS
damage survey, and radar scans remain above 2.4◦ elevation during this period.
A TDS and TVS are not observed, so tornado 6 is excluded from the analysis.
In several cases, a TDS is not detected (Table 3.1). No TDSs are detected in
EF-0 cases, likely because the tornado must loft sufficient amounts of debris and
the EF-0 tornadoes were over 45 km from KOUN (tornadoes 1–2 in Fig. 3.1).
The Healdton, Oklahoma EF-2 tornado (tornado 10) does not produce a TDS,
although an EF-3 tornado that occurred 12 min later produces a substantial
TDS (tornado 13). Both tornadoes are located over 100 km from the radar, so
lofted debris must reach at least 2 km to be sampled by the 0.5◦ elevation scan.
The maximum and minimum values of lowest elevation angle TDS parameters
reveal some interesting trends. For thresholds T1, the maximum q0.9{ZHH} for
weak tornadoes are between 38 – 46 dBZ (Fig. 3.12a). Most strong tornadoes
q0.9{ZHH} values between 45 – 60 dBZ, and q0.9{ZHH} values exceed 55 dBZ
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for the 5 violent tornadoes. In stronger tornadoes, higher q0.9{ZHH} could re-
sult from the tornado lofting a greater number of debris elements, larger debris
element sizes, or debris elements with high dielectric constants. The outlier
case is the McLoud EF-2 tornado (tornado 12). While q0.9{ZHH} was quite low
(25.5 dBZ), higher ZHH values (> 40 dBZ) satisfying T1 were observed at higher
elevation angles. Because the tornado was relatively brief (4 min), the lowest
elevation angle may not have observed the tornado’s debris field when the most
severe damage was occurring.
For the minimum q0.1{ρHV }, decreasing minimum values are observed as
tornado EF-rating increases (Fig. 3.12b). Weak tornadoes had minimum val-
ues of q0.1{ρHV } above 0.8, while strong and violent tornadoes had minimum
q0.1{ρHV } below 0.8. For the five violent tornado cases, minimum q0.1{ρHV } was
below 0.5. For minimum q0.1{ZDR}, only two weak tornado cases met the thresh-
old T1, but values were near-zero or positive (Fig. 3.12c). For strong and violent
tornadoes, the minimum q0.1{ZDR} values were primarily below 0 dB, and vi-
olent tornadoes were below -2 dB. Similar results are seen for threshold T2
(Fig. 3.13b,c). For extremely low ρHV values observed in violent tornadoes, the
variance of ZDR appears to cause negative ZDR values. However, Ryzhkov et al.
(2005) and Bluestein et al. (2007) observed regions of negative ZDR at S- and
X-band, and Bodine et al. (2011) observed a coherent region of negative ZDR in
the outer debris ring of an EF-4 tornado.
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The maximum values of the spatial TDS parameters also reveal interesting
trends as tornado damage severity increases. For thresholds T1 and T2, an in-
crease in EF-rating corresponds to higher TDS heights (Fig. 3.14a,c) and greater
TDS volumes (Fig. 3.14b,d). The more stringent threshold T2 reduces the TDS
height and TDS volume, decreasing the spread of values. For both thresholds,
violent tornadoes exhibit much larger spread of TDS heights and volumes com-
pared to weak and strong tornadoes, and in a few cases the TDS height and
volume may be underestimated because the TDS extends to the highest eleva-
tion angle (Tables 3.2, 3.3). In violent tornado cases, the maximum TDS height
for T1 ranges from 4.8 – 12.4 km, and the TDS volume ranges from 11 – 51 km3.
The 12.4-km TDS height and 51-km3 TDS volume occurs after an EF-5 tor-
nado struck Piedmont, Oklahoma producing a large region of EF-4 damage with
numerous homes were destroyed and unfortunately two fatalities (Table 3.2).
As noted previously, the maximum in TDS height and volume for the Chick-
asha and Goldsby tornadoes occurs about 5 – 10 min after periods of sustained,
widespread EF-3 or 4 damage.
3.5 Discussion
3.5.1 Storm-scale influences on TDS parameters
Precipitation and associated downdrafts may affect the TDS. When precipita-
tion is entrained into the TDS, ρHV values within the TDS increase (Schwarz and
Burgess 2011; Bodine et al. 2011). An increase in ρHV would occur if the debris
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Figure 3.12: Stacked bar graph of (a) q0.9{ZHH}, (b) q0.1{ρHV }, and (c)
q0.1{ZDR} for thresholds T1. The number, N , indicates the number of cases
meeting the required thresholds for each parameter. The light gray, dark gray,
and black shadings indicate EF-0 or 1, EF-2 or 3, and EF-4 or 5 tornadoes,
respectively. Note that while all 14 cases met the threshold T2 for ρˆHV , only 13
cases met the threshold T2 for ZˆHH .
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Figure 3.13: Same as Fig. 3.12 except for thresholds T2. Note that while all
14 cases met the threshold T2 for ρˆHV , only 11 cases met the threshold T2 for
ZˆHH .
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Figure 3.14: Stacked bar graph of (a) TDS height and (b) TDS volume for
thresholds T1, and (c) TDS height and (d) TDS volume for thresholds T2. The
light gray, dark gray, and black shadings indicate EF-0 or 1, EF-2 or 3, and EF-4
or 5 tornadoes, respectively.
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Table 3.1: The locations, tornado number, date, EF-rating, times, range from
KOUN for the 21 tornado cases.
Location Tornado Date EF Rating Time Range
Number (UTC) (km)
Union City 1 10 May 2010 EF-0 2146–2152 45 – 47
Piedmont 2 10 May 2010 EF-0 2146–2154 59 – 65
Newcastle 3 24 May 2011 EF-0 2245 15
Bray 4 10 May 2010 EF-1 2220–2227 57 – 63
Moore 5 10 May 2010 EF-1 2222–2227 9 – 14
Moore 6 10 May 2010 EF-1 2227 9
Norman 7 10 May 2010 EF-1 2234–2240 10
Wayne 8 10 May 2010 EF-1 2236–2243 38
Noble/East Norman 9 10 May 2010 EF-2 2239–2259 30
Healdton 10 10 May 2010 EF-2 2304–2310 114 – 116
Stillwater 11 24 May 2011 EF-2 2250–2305 102 – 105
McLoud 12 24 May 2011 EF-2 2336–2339 39
Dale 13 10 May 2010 EF-3 2248–2302 38 – 48
Tecumseh 14 10 May 2010 EF-3 2256–2347 57 – 95
Lone Grove 15 10 May 2010 EF-3 2322–2334 105 – 109
Lookeba 16 24 May 2011 EF-3 2031–2046 82 – 86
Oklahoma City 17 10 May 2010 EF-4 2220–2251 14 – 55
Lake Thunderbird 18 10 May 2010 EF-4 2232–2259 11 – 41
Chickasha 19 24 May 2011 EF-4 2206–2301 13 – 45
Goldsby 20 24 May 2011 EF-4 2226–2305 9 – 45
El Reno 21 24 May 2011 EF-5 2050–2235 55 – 89
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Table 3.2: The locations, tornado number, EF-rating, q0.9{ZHH}, q0.1{ρHV },
q0.1{ZDR}, hmax, Vmax for 21 tornado cases for thresholds T1. ND indicates
that a TDS was not detected. BT indicates that an insufficient number of
resolution volumes met the threshold criteria so the lowest elevation angle TDS
parameter could not be computed. The asterisk next to the TDS height and
volume indicates that a TDS was observed at the highest elevation angle (19.5◦),
and thus are a minimum bound.
Location Tornado EF q0.9{ZHH} q0.1{ρHV } q0.1{ZDR} hmax Vmax
Number Rating (dBZ) (dB) (km) (km3)
Union City 1 EF-0 ND ND ND ND ND
Piedmont 2 EF-0 ND ND ND ND ND
Newcastle 3 EF-0 ND ND ND ND ND
Bray 4 EF-1 46.1 0.84 -0.4 1.1 0.3
Moore 5 EF-1 ND ND ND ND ND
Moore 6 EF-1 ND ND ND ND ND
Norman 7 EF-1 39.3 0.82 BT 0 0
Wayne 8 EF-1 ND ND ND ND ND
Noble 9 EF-2 48 0.48 -3.9 5.4 5
Healdton 10 EF-2 ND ND ND ND ND
Stillwater 11 EF-2 55.3 0.63 -1.0 3.1 3
McLoud 12 EF-2 25.5 BT BT 1.0 0
Dale 13 EF-3 58.5 0.75 0.1 2.1 1
Tecumseh 14 EF-3 55.5 0.58 -1.2 3.7 9
Lone Grove 15 EF-3 48.7 0.39 -4.5 3.5 3
Lookeba 16 EF-3 47.0 0.66 -1.0 3.2 3
Oklahoma City 17 EF-4 60.5 0.30 -3.2 4.8 11
Lake Thunderbird 18 EF-4 57.4 0.49 -3.3 7.3∗ 21∗
Chickasha 19 EF-4 63.5 0.33 -3.9 9.6∗ 40∗
Goldsby 20 EF-4 65.5 0.47 -2.9 8.3∗ 27∗
El Reno 21 EF-5 62.4 0.40 -2.44 12.4∗ 51∗
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Table 3.3: The locations, tornado number, EF-rating, q0.9{ZHH}, q0.1{ρHV },
q0.1{ZDR}, hmax, Vmax for 21 tornado cases for thresholds T2. BT indicates that
an insufficient number of resolution volumes met the threshold criteria so the
lowest elevation angle TDS parameter could not be computed. The asterisk next
to the TDS height and volume indicates that a TDS was observed at the highest
elevation angle (19.5◦), and thus are a minimum bound.
Location Tornado EF q0.9{ZHH} q0.1{ρHV } q0.1{ZDR} hmax Vmax
Number Rating (dBZ) (dB) (km) (km3)
Union City 1 EF-0 ND ND ND ND ND
Piedmont 2 EF-0 ND ND ND ND ND
Newcastle 3 EF-0 ND ND ND ND ND
Bray 4 EF-1 46 0.99 1.9 0 0
Moore 5 EF-1 ND ND ND ND ND
Moore 6 EF-1 ND ND ND ND ND
Norman 7 EF-1 38.3 BT BT 0 0
Wayne 8 EF-1 ND ND ND ND ND
Noble 9 EF-2 47.5 0.39 -4.1 1.4 0.1
Healdton 10 EF-2 ND ND ND ND ND
Stillwater 11 EF-2 55.2 0.59 -1.5 2.2 1
McLoud 12 EF-2 22 BT BT 0 0
Dale 13 EF-3 55.0 0.82 -3.7 1.1 0.1
Tecumseh 14 EF-3 55.6 0.62 -3.2 2.1 1
Lone Grove 15 EF-3 47.3 0.83 -1.5 0 0
Lookeba 16 EF-3 45.9 BT BT 0 0
Oklahoma City 17 EF-4 61.0 0.30 -3.0 2.7 1
Lake Thunderbird 18 EF-4 57.0 0.48 -3.3 5.9 6
Chickasha 19 EF-4 63.5 0.35 -3.9 6.9∗ 14∗
Goldsby 20 EF-4 66.2 0.45 -2.9 6.7∗ 8∗
El Reno 21 EF-5 63.2 0.26 -3.3 8.1 22
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concentration remained the same but the concentration of raindrops increased
in the resolution volume. If resolution volume initially possessed a ρHV value at
or just below the ρˆHV , then an increase in raindrop size or concentration could
increase ρHV above the ρˆHV and the resolution volume would no longer meet the
TDS criteria. When the tornado is surrounded by downdraft, a reduced number
of debris elements may be transported vertically because the downdraft enhances
debris fallout. Hence, a reduced TDS height and volume in tornadic supercells
with greater precipitation entrainment may result from storm-scale differences
in the intensity and areal extent of updrafts and downdrafts surrounding the
tornado.
This study reveals that in some cases large amounts of tornadic debris are
transported quite high into the storm. As suggested by Dowell et al. (2005),
centrifuged tornadic debris may be recycled by the storm-scale updraft. As ex-
pected, the TDS is much wider than the actual damage path at the surface in the
Chickasha and Goldsby tornadoes due to debris centrifuging (e.g., Snow 1984;
Dowell et al. 2005). For the Chickasha and Goldsby tornadoes, the most signifi-
cant tornado damage occurs along the right side of the tornado relative to its mo-
tion, where ground-relative wind speeds are enhanced by storm motion. Lofted
debris is centrifuged and advected cyclonically, producing a broader and more
uniform TDS. Even though debris has been centrifuged from the tornado, cen-
trifuged debris remain beneath the low-level mesocyclone and sufficiently small
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and low terminal velocity debris are “recycled” and transported vertically into
the updraft.
3.5.2 TDS parameter utility
Given that the TDS parameters incorporate data from different elevation
angles, the time required to loft debris to the height of different elevation angles
will vary (depending on updraft strength and debris fall speeds). Hence, the
TDS parameters will exhibit some delay between when damage occurs and when
a change in the TDS parameters are observed. The lowest elevation angle TDS
parameters should have the smallest lag times. For example, debris lofted at
20 m s−1 would reach a typical 0.5◦ beam height of 200 – 600 m in 10 – 30 s.
Accordingly, debris will take longer to reach the higher elevation angles. Thus,
the delay for the TDS height and volume may be greater compared to the lowest
elevation angle TDS parameters.
An important limitation of the lowest elevation angle TDS parameters is
that these parameters could reflect changes in sampling height (due to changes
in range) rather than changes in tornadic debris. However, the two cases pre-
sented (both tornadoes approaching the radar) show good correlation between
the damage surveys and changes in q0.9{ZHH} during tornado intensification and
dissipation. In a case with the tornado moving away from the radar, the Norman-
Lake Thunderbird tornado (tornado 18) exhibits increasing q0.9{ZHH} values
during tornado intensification and maximum values during the period of EF-4
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damage east of Lake Thunderbird (not shown). Hence, for these cases, changes
in the debris field appear to be more important than changes in sampling height.
Nonetheless, more cases are needed to better understand how changes in beam
height affect the lowest elevation angle TDS parameters.
Spatial TDS parameters provide an indication of the amount of tornado dam-
age occurring and updraft intensity. Given that the TDS volume depends on the
spatial coverage of the TDS throughout the storm, it provides a diagnostic tool
for examining the amount of debris lofted by the tornado. The Chickasha EF-
4 tornado exhibits higher maximum TDS volumes compared to Goldsby EF-4
tornado, which could result from the wider damage path of the Chickasha EF-4
tornado and consequently, more lofted debris. Nonetheless, the TDS volume
also depends on the strength of the storm-scale updraft and whether or not the
updraft can suspend tornadic debris. The maximum TDS height may possess a
greater sensitivity to the intensity of the storm-scale updraft than the TDS vol-
ume because the areal coverage of the TDS decreases with height (see Fig. 3.8).
The primary limitation of the TDS volume and height parameters is the lag
time between when tornadic debris is lofted and when tornadic debris reach the
TDS height. In this study, the maximum TDS volume or height occur about 5
– 10 min after the most significant damage occurs at the surface. Hence, these
parameters should be viewed as a cumulative measure of tornadic debris over
the preceding 5 – 10 min period.
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3.5.3 Discrepancies between damage survey and TDS
parameters
Interesting differences are evident between the Goldsby EF-rating and the
TDS parameters during its intensification. At 2229 UTC, the damage survey
indicate only EF-0 damage while q0.9{ZHH}, and q0.1{ρHV } are 48 dBZ and 0.56,
respectively (Fig. 3.9). Comparing these values to the maximum or minimum
values for other tornadoes (Fig. 3.12), such values are characteristic of higher
EF-rated tornado cases presented herein. Moreover, for other EF-0 tornadoes
no TDS is observed (Tables 3.2, 3.3), suggesting not enough debris is lofted to
produce a TDS. A possible explanation for this discrepancy is that the EF-scale
underestimated tornado intensity, and a more intense tornado was present and
lofted more tornadic debris. By 2234 UTC, the threshold T1 TDS height and
volume are 5 km and 10 km3, respectively (Fig. 3.10). These values are more
consistent with the TDS height and volumes observed for other violent tornado
cases rather than a tornado producing EF-1 or 2 damage (Fig. 3.13). Thus,
the EF-scale may still underestimate tornado intensity at 2234 UTC. The first
engineered structure listed as a damage indicator in the survey is at 2234 UTC,
so an underestimation of tornado intensity is certainly possible. Moreover, the
differences in TDS height and volume may reflect a stronger low-level updraft
present, resulting in more rapid vertical transport of debris.
The Chickasha and Goldsby tornadoes primarily affected rural areas with
some small to medium-sized towns. However, the primary source of scatterers in
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rural areas appears to be vegetation. Along the Chickasha and Goldsby tornado
damage paths, hardwood trees provided a source of debris elements. Importantly,
in regions with little vegetation or few man-made structures, tornadoes may have
lower ZHH and higher ρHV values than areas with higher population density or
more vegetation cover. Hence, TDS parameters may not perform as well in areas
with little vegetation or engineered structures.
3.6 Conclusions
This study investigates the potential of using polarimetric radar to esti-
mate tornado damage severity and spatial extent. The study uses modified TDS
parameters developed by Ryzhkov et al. (2005) and develops other new TDS
parameters for estimating tornado damage. Using two detailed damage surveys
conducted by the Norman NWS WFO, comparisons between TDS parameters
and damage surveys are presented. Then, TDS parameters are computed for 14
tornado cases in central Oklahoma and the EF-rating is compared to maximum
or minimum TDS parameter values.
The TDS parameters tend to be correlated with the damage surveys. Dur-
ing tornado intensification, q0.9{ZHH} and spatial TDS parameters increase and
q0.1{ρHV } and q0.1{ZDR} decrease. During tornado dissipation, q0.9{ZHH} de-
creases while the other lowest elevation angle TDS parameters sometimes show
a trend. The application of TDS parameters during tornado dissipation is com-
plicated by debris fallout, which may increase the areal coverage of the TDS
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at the lowest elevation angle. The maxima or minima of TDS parameter val-
ues also show potential for assessing the amount and severity of tornado dam-
age. Maximum q0.9{ZHH}, TDS height, and TDS volume increase and minimum
q0.1{ZDR} and q0.1{ρHV } decrease as tornado damage severity increases. Because
the damage surveys from the other cases were not as detailed, it is unknown if
the maximum or minimum TDS parameter values coincide with the peak dam-
age intensity for most cases. The peak values of the TDS volume and height
tend to occur after significant amounts of tornadic debris have been lofted over
a 5 – 10 min period.
This paper illustrates the potential for estimating tornado damage using po-
larimetric radar. The information provided by the TDS parameters could help
forecasters identify changing trends in tornado damage severity, and estimate
the severity and extent of tornado damage in near real-time. This new infor-
mation could allow forecasters to issue more specific statements about tornado
damage severity through special weather statements or tornado emergencies, and
disseminate this information to the public, emergency managers, and the me-
dia. The TDS parameters are not intended to predict when a violent tornado
will occur and the TDS should not be relied on for issuing tornado warnings.
However, they could enable forecasters to gauge tornado damage severity, partic-
ularly when spotter reports are unavailable (e.g., for rain-wrapped tornadoes or
at night) or when low-level velocity data are not available (e.g., at long ranges).
The TDS parameters can provide near real-time information about the severity
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of tornado damage to emergency managers and first responders to ensure that
their efforts are immediately directed to the most severely affected areas.
The study also raises several intriguing scientific questions about tornadic
debris and supercell dynamics. Numerous studies have documented tornadic
debris sedimentation in the RFD, forward-flank downdraft, and also observed
tornadic debris fallout over 100 km from the storm (e.g., Snow et al. 1995;
Magsig and Snow 1998). In the present study, a broad region of tornadic debris
fallout is observed within the RFD, possibly caused by debris fallout after updraft
weakening or small fall speeds of light debris (e.g., leaves, insulation). If the
updraft weakened, was the weaker updraft caused by storm-scale processes or
could tornadic debris loading throughout the updraft be a contributing factor?
We speculate that both factors could be important in the present case. Finally,
the rapid, vertical advection of tornadic debris in violent tornado cases suggests
the presence of a very strong, low-level updraft (also Oklahoma City and Lake
Thunderbird EF-4 tornadoes, tornadoes 17 and 18, not shown) compared to
weaker tornadoes. If so, how does a strong, low-level updraft contribute to
tornado intensification and maintenance?
To further investigate the potential for nowcasting tornado damage using
TDS parameters, future studies should examine more tornado cases, includ-
ing cases in different geographic areas and cases with detailed damage surveys.
More cases are needed to determine if a near real-time classification of tor-
nado damage severity can be developed. To better understand the relationship
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between the amount of lofted debris and tornado intensity, studies combining
polarimetric WSR-88D data with mobile radar observations should be pursued.
Future studies could also investigate the relationship between TDS height and
volume and storm-scale updraft intensity using polarimetric radar and rapid-
scan, dual-Doppler data. The current upgrade to the WSR-88D network with
dual-polarization will provide the opportunity to expand this research to a much
larger data set, different geographic areas, and would allow the implementation
of TDS parameters as a tool for providing near real-time information tornado
damage and severity.
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Chapter 4
Dual-Wavelength Observations of Tornadic Debris
Signatures
In this chapter, statistical TDS analyses are presented using dual-wavelength
polarimetric radar observations from KOUN and the University of Oklahoma Po-
larimetric Radar for Innovations in Meteorology and Engineering (OU-PRIME)
at S and C bands, respectively.
4.1 Introduction
Although TDSs have been documented at different wavelengths, compar-
isons of dual-wavelength TDSs have not yet been presented. Moreover, sta-
tistical properties of TDSs have not been thoroughly investigated, particularly
as a function of height. A better characterization of statistical properties of
TDSs could improve tornado detection and damage severity estimates. Thus,
this study examines statistical properties of TDSs from two radars operating at
S and C bands to ascertain similarities and differences between S- and C-band
TDSs. Close proximity of an EF-4 tornado on 10 May 2010 to OU-PRIME and
KOUN provide unique opportunities for close-range, dual-wavelength compar-
isons. This study also relates statistical analyses to surface damage character-
istics to ascertain relationships between debris characteristics and polarimetric
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variables. Finally, polarimetric radar observations are compared to axisymmet-
ric velocity retrievals to investigate relationships between three-dimensional TDS
structure and tornado dynamics.
Section 4.2 describes OU-PRIME and KOUN, permutation tests used in sta-
tistical radar comparisons, and T-matrix calculations for simplified debris. Dual-
wavelength polarimetric radar analyses of TDSs are presented in Section 4.3.
Finally, conclusions from the study are presented in Section 4.4.
4.2 Data and methods
This study investigates TDS statistics using OU-PRIME and KOUN polari-
metric radar data. Detailed comparisons of the radars’ specifications can be
found in Palmer et al. (2011), as well as an overview of the 10 May 2010 tor-
nado outbreak. OU-PRIME is a C-band, polarimetric radar with a 0.45◦ 3-dB
beamwidth and a peak transmit power of 1 MW. On 10 May 2010, OU-PRIME
operated a pulse length and range resolution of 125 m and maximum unambigu-
ous velocity of 16 m s−1. KOUN has a 0.9◦ 3-dB beamwidth, range resolution of
250 m, a peak transmit power of 750 kW, and operated a maximum unambigu-
ous velocity of 27.5 m s−1. KOUN and OU-PRIME data are gridded and plotted
in Cartesian coordinates, and dual-wavelength comparison plots are shown using
zonal and meridional distance from KOUN. Radial velocity data were edited and
dealiased using SOLOII software (Oye et al. 1995).
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On 10 May 2010, OU-PRIME operated volumetric sector scans with update
times between 2 min 20 s and 2 min 40 s. Volumetric sector scans included
the following elevation angles: 1.0◦, 2.0◦, 3.0◦, 4.0◦, 5.0◦, 6.5◦, and 9.0◦. KOUN
operated VCP 12 (Brown et al. 2005b) for the volume scans presented in this
study. VCP 12 requires 4 min 18 s to complete, and includes the following
elevation angles: 0.5◦, 0.9◦, 1.3◦, 1.8◦, 2.4◦, 3.1◦, 4.0◦, 5.1◦, 6.4◦, 8.0◦, 10.0◦,
12.5◦, 15.6◦, and 19.5◦. KOUN data at the lowest three elevation angles are
oversampled at 0.5◦ resolution (Brown et al. 2005a).
KOUN and OU-PRIME scans exhibited serendipitously close temporal and
spatial matching from 2230 – 2232 UTC. Table 4.1 shows beam heights at the
center of the TVS, and scan times for the three comparisons of KOUN and OU-
PRIME data. Differences in beam center heights for KOUN and OU-PRIME
range from ± 20 – 90 m, and scan times are nearly synchronous at the lowest
level comparison and differences in scan times approach 55 s at the highest
tilt comparison. A notable difference is that KOUN’s resolution volumes are 2
– 2.5 times larger than OU-PRIME. Consequently, KOUN’s larger beamwidth
illuminates debris at higher and lower altitudes compared to OU-PRIME. While
some differences in resolution volumes exist, close temporal and spatial matching
suggest that debris types within the tornado at a given height are likely similar.
It is therefore assumed that statistical, dual-wavelength comparisons represents
similar debris distributions.
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Table 4.1: Scan times (UTC), elevation angles (◦), beam height in m and reso-
lution volume size in km3 (at the center of the tornado) during dual-wavelength
comparisons between OU-PRIME and KOUN.
Radar OU-PRIME KOUN
Scan Time 22:30:59 – 22:31:14 22:30:56 – 22:31:13
Elevation Angle 1.0◦ 1.4◦
Beam Height 360 m 340 m
Resolution Volume Size 0.008 km3 0.016 km3
Scan Time 22:31:14 – 22:31:31 22:31:44 – 22:31:57
Elevation Angle 2.0◦ 2.4◦
Beam Height 720 m 630 m
Resolution Volume Size 0.008 km3 0.018 km3
Scan Time 22:31:31 – 22:31:47 22:32:13 – 22:32:26
Elevation Angle 3.0◦ 4.0◦
Beam Height 1110 m 1090 m
Resolution Volume Size 0.008 km3 0.019 km3
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A basic thresholding procedure is implemented to identify the debris field
of the tornado. Some S-band resolution volumes within the tornado exhibit
relatively high ρHV (0.8 – 0.95) while C-band ρHV is much lower. If thresholds
imposed by previous studies are used to identify TDSs (e.g., Ryzhkov et al. 2005;
Bodine et al. 2013), these high ρHV regions would be excluded from the analysis.
Another issue arises from using high ZHH thresholds, which remove resolution
volumes with small or low concentrations of debris (e.g., within the weak-echo
hole). To avoid removing high ρHV or low ZHH resolution volumes at S-band, all
resolution volumes within the radius of maximum wind (RMW) of the tornado
or low-level mesocyclone are included in the analysis. Between the RMW and
1.5 × RMW, the ρHV threshold of 0.82 used by Bodine et al. (2013) is imposed
but no threshold on ZHH is imposed. The extended region allows centrifuged
debris outside of the RMW to be included in analyses, while excluding resolution
volumes where hydrometeors are the dominant scatterers.
Nonparametric resampling techniques, such as the bootstrap or permutation
tests, resample data without assumptions about the type of distribution that
fits the data (Efron and Tibshirani 1993). Because underlying distributions of
polarimetric variables in TDSs are unknown, nonparametric tests are applicable
to this study. Permutation tests are used to determine statistical significance of
two samples with a null hypothesis that the two samples have the same parent
distributions. The two sample permutation tests herein involve different radar
elevation angles to investigate changes in polarimetric variable statistics with
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height, and different wavelengths to examine dual-wavelength similarities and
differences. For each permutation test, 5000 permutations are performed, and
then 5000 test statistics are computed for the permutated data.
T-matrix calculations use electromagnetic scattering theory to characterize
electromagnetic wave scattering by different objects (e.g., hydrometeors, debris).
The T-matrix method can determine scattering characteristics of objects in the
Mie scattering region (i.e., where D ≥ λ
16
), and also applies to non-spherical or
two-layer scatterers such as water-coated hail (Bringi and Seliga 1977). Using
the backscatter and forward scattering amplitudes from the T-matrix calculation,
polarimetric radar variables can be obtained for different types of hydrometeors
(e.g., Vivekanandan et al. 1991; Zhang et al. 2001).
In this study, T-matrix calculations are presented for elongated debris to de-
velop a basic understanding of polarimetric variables for two simplified debris
types. Variations in debris sizes, irregularities in debris shapes, and varied com-
positions likely limit the applicability of these T-matrix calculations to other
debris types. T-matrix calculations are performed using an axis ratio of 0.2 and
5 (i.e., oblate and prolate spheroids) for dry and wet debris. Wet debris is given a
fractional water content of 50%, and complex relative permittivities for dry and
wet debris are 1.9-0.01j and 15.9-4.6j, respectively. The effective dielectric fac-
tor for wet “debris” is computed using the Maxwell-Garnet formula with water
as the background. These complex relative permittivities are based on measure-
ments for leaves (Ulaby et al. 1987), and are similar to values presented earlier
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for wood. Figs. 4.1 and 4.2 show ZHH , ZDR, and δDP for dry and wet elongated
“debris” with axis ratios of 0.2 and 5. ZHH is computed for a monodispersed
size distribution with a debris concentration of 0.01 m−3.
4.3 Statistical analysis of TDSs
4.3.1 2229 UTC KOUN low-altitude TDSs
During the 22:29:51 UTC volume scan, KOUN collected three levels of polari-
metric radar data in the lowest 350 m of the tornado. Using these data, changes
in polarimetric variables with height are investigated. 0.5◦ elevation KOUN ve-
locity data indicate that the tornado was located southwest of the intersection
of 119th Street and Douglas Boulevard. Satellite imagery indicates that the tor-
nado passed through a densely wooded area west of Lake Stanley Draper with
a low population density and a small number of manmade structures (Fig. 4.3).
An interesting observation is that the 2229 UTC TVS is offset from the center
of the damage path by 590 m. One explanation for the offset is that the most
severe damage occurred on the southeast side of the tornado where storm mo-
tion increased ground-relative wind speeds. Vortex tilt can also cause separation
between the TVS and the damage path. Given the low beam height of 110 m,
however, an offset of 590 m would require vortex tilt of about 80◦.
Low-altitude KOUN scans show distinct TDSs with concentric regions of high
ZHH collocated with the TVSs and low ρHV (Fig. 4.4). 13% of the ZHH val-
ues inside the TDS exceed 60 dBZ at 0.5◦ elevation compared to only 1% at
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Figure 4.1: ZHH calculated for (a) dry and (b) wet debris (fractional water con-
tent = 50%), ZDR calculated for (c) dry and (d) wet debris, and δDP calculated
for (e) dry and (f) wet debris. S-band (C-band) values for ZHH , ZDR and δDP
are shown using solid (dashed) lines. Polarimetric variables are calculated using
backscatter amplitudes from a T-matrix calculation using a spheroid with an
axis ratio of 0.2.
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Figure 4.2: Same as Fig. 4.1, except for an axis ratio of 5.
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Figure 4.3: Satellite imagery with an overlay of the NWS damage path (white
line) and locations of the 0.5◦ elevation TVS (yellow pins) at 22:29:51 (top) and
22:38:27 UTC (bottom). Images were created using Google Earth and satellite
imagery from 8 April 2010.
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Table 4.2: 90th percentile ZHH (dBZ), median ρHV , median ZDR (dB), and 90th
percentile ZDR (dB) for the 0.5
◦ and 1.4◦ KOUN elevation scans at 22:29:51
UTC. P-values are determined through hypothesis testing using a permutation
test with 5000 permutations.
Statistic KOUN 0.5◦ KOUN 1.4◦ Difference P-value
90th percentile ZHH 60.8 56.5 4.3 0.001
Median ρHV 0.70 0.75 -0.05 0.014
Median ZDR -0.1 -0.3 0.2 0.206
90th percentile ZDR 2.7 2.0 0.7 0.020
1.4◦ elevation (Fig. 4.5). 90th percentile ZHH exhibits a statistically significant
decrease between the 0.5◦ and 1.4◦ elevation with a permutation test p-value of
0.001 (Table 4.2). Decreasing ZHH with height occurs frequently in tornadoes
(e.g., Wurman et al. 1996; Wurman and Gill 2000; Bluestein et al. 2004; Dow-
ell et al. 2005) as a consequence of debris centrifuging and fallout (Snow 1984;
Dowell et al. 2005).
An increase in ρHV is evident between 0.5
◦ and 1.4◦ elevation angles. Exam-
ination of the histogram of 1.4◦ ρHV reveals a higher frequency of ρHV > 0.85
compared to the 0.5◦ ρHV histogram (Fig. 4.5). Median ρHV exhibits a statisti-
cally significant increase in ρHV with a permutation test p-value of 0.014. The
increase in ρHV with height may be attributed to a reduction in non-Rayleigh
scattering as debris size decreases with height. Because debris distributions likely
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Figure 4.4: KOUN ZHH (dBZ), radial velocity, ρHV , and ZDR at 0.5
◦ and 1.4◦
elevation at 22:29:51 and 22:30:24 UTC, respectively. TDSs are evident with
high ZHH and low ρHV collocated with the TVS.
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Figure 4.5: Histograms of KOUN ZHH , ZDR, and ρHV at 0.5
◦, 0.9◦, and 1.4◦
elevation during the 22:29:51 UTC volume scan. 90th percentile ZHH decreases
with height, and median ρHV increases with height.
exhibit a range of debris sizes and shapes, some Rayleigh and non-Rayleigh scat-
terers contribute to the TDS. As larger debris are centrifuged and fall out, con-
centrations of non-Rayleigh scatterers will decrease, increasing ρHV . Moreover,
given the strong ZHH dependence on size, decreasing debris size increases the
relative power-weighted contributions of Rayleigh scatterers (e.g., rain drops or
smaller debris) compared to non-Rayleigh scatterers, which also increases ρHV .
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Studies have discussed negative ZDR in tornadoes, indicating some common
degree of debris alignment and/or non-Rayleigh scattering. At 0.5◦ and 1.4◦ ele-
vation, median ZDR is -0.1 and -0.3 dB, respectively. Permutation tests indicate
a p-value of 0.206, indicating that a statistically significant change in median
ZDR is not likely. 90th percentile ZDR indicates a statistically significant reduc-
tion in large positive values of ZDR at 1.4
◦ compared to 0.5◦ (Table 4.2). Fig. 4.4
shows this reduction in positive ZDR values and a higher frequency of negative
ZDR at 1.4
◦ elevation compared to the 0.5◦ elevation. A discussion of possible
causes of negative ZDR and decreasing ZDR with height are presented later.
High spatial ZDR variability is evident within the TDS (Fig. 4.4). The 0.5
◦ el-
evation ZDR histogram (Fig. 4.5) indicates a roughly symmetric distribution cen-
tered near 0 dB with some positive and negative ZDR values. Spatial variability
of ZDR may depend on several factors. Errors in ZDR estimates and other polari-
metric variables increase as ρHV and signal-to-noise ratio (SNR) decrease (Bringi
and Chandrasekar 2001). Thus, greater ZDR variability in TDSs may occur due
to low ρHV , although high SNR in tornadoes containing large or numerous de-
bris may mitigate this effect. Many debris exhibit large aspect ratios and may
possess inherently large ranges of ZDR depending on their orientation. Random
orientations of large debris, however, could cause near-zero ZDR if numerous de-
bris are present. As the number of scatterers decrease, large magnitude ZDR of
a few scatterers may contribute to higher variability of ZDR.
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4.3.2 2230 – 2232 UTC dual-wavelength analyses
Dual-wavelength analyses of OU-PRIME and KOUN data are presented in
this section, exploiting close temporal and spatial matching of radar scans be-
tween 2230 – 2232 UTC. For clarity, pairs of elevation angles at the approxi-
mately matching heights and times are abbreviated using C and S to refer to
C-band and S-band, as follows:
• Comparison level 1: C1 and S1 for 1.0◦ OU-PRIME and 1.4◦ KOUN data
• Comparison level 2: C2 and S2 for 2.0◦ OU-PRIME and 2.4◦ KOUN data
• Comparison level 3: C3 and S3 for 3.0◦ OU-PRIME and 4.0◦ KOUN data
4.3.2.1 Radar reflectivity factor
S-band ZHH exceeds C-band ZHH within the TDS. 90th percentile ZHH at
S-band is 9.0 – 11.0 dB higher than C-band at each comparison height, and
median ZHH at S-band is 4.8 – 7.2 dB higher than C-band (Tables 4.3 – 4.5).
Higher ZHH at S-band has been observed for hail compared to X-band (Atlas
and Ludlam 1961; Snyder et al. 2010) and C-band (Picca and Ryzhkov 2012) due
to resonance effects. Likewise, resonance effects in TDSs may contribute to large
ZHH differences at S- and C-band. Given that 90th percentile ZHH represents
the highest radar reflectivity factors in the TDS and larger dual-wavelength
ZHH differences are observed for 90th percentile ZHH compared to median ZHH ,
larger dual-wavelength differences may indicate larger debris sizes.
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Table 4.3: Median and 90th percentile ZHH (dBZ), median ρHV , median
ZDR (dB), 90th percentile ZDR (dB), ZDR median absolute deviation (MAD),
and median ΦDP (
◦) in the TDS and surrounding areas of rain, for the 1.0◦ OU-
PRIME and 1.4◦ KOUN elevation. Center beam heights for OU-PRIME and
KOUN are 360 and 340 m AGL, respectively. OU-PRIME and KOUN scan
times are 22:30:59 – 22:31:14 UTC and 22:30:56 – 22:31:13 UTC, respectively.
For median ΦDP in the TDS and rain, p-values are only calculated for ΦDP dif-
ferences between the TDS and rain, so the dual-wavelength differences are not
calculated (NC).
Statistic OU-PRIME 1.0◦ KOUN 1.4◦ Difference P-value
Median ZHH 42.0 47.0 -5.0 ≤ 0.0002
90th percentile ZHH 47.5 56.5 -9.0 ≤ 0.0002
Median ρHV 0.60 0.75 -0.15 ≤ 0.0002
Median ZDR 0.2 -0.3 0.5 0.005
90th percentile ZDR 3.5 2.0 1.5 0.001
ZDR MAD 1.1 1.5 -0.4 0.199
Median ΦDP (TDS) -8.2 9.6 -17.8 NC
Median ΦDP (Rain) 4.4 3.9 0.5 NC
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Table 4.4: Same as Table 4.3, except for the 2.0◦ OU-PRIME and 2.4◦ KOUN
elevation. Center beam heights for OU-PRIME and KOUN are 720 and 630 m
AGL, respectively. OU-PRIME and KOUN scan times are 22:31:14 – 22:31:31
UTC and 22:31:44 – 22:31:57 UTC, respectively.
Statistic OU-PRIME 2.0◦ KOUN 2.4◦ Difference P-value
Median ZHH 41.5 46.3 -4.8 ≤ 0.0002
90th percentile ZHH 45.3 53.9 -8.6 ≤ 0.0002
Median ρHV 0.61 0.76 -0.15 ≤ 0.0002
Median ZDR -0.2 -0.7 0.5 0.011
90th percentile ZDR 1.9 2.2 -0.3 0.194
ZDR MAD 1.1 1.5 -0.4 0.199
Median ΦDP (TDS) -7.2 11.8 -19.0 NC
Median ΦDP (Rain) 6.2 4.6 1.6 NC
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Table 4.5: Same as Table 4.3, except for the 3.0◦ OU-PRIME and 4.0◦ KOUN
elevation. Center beam heights for OU-PRIME and KOUN are 1110 and 1090 m
AGL, respectively. OU-PRIME and KOUN scan times are 22:31:31 – 22:31:47
UTC and 22:32:13 – 22:32:26 UTC, respectively.
Statistic OU-PRIME 3.0◦ KOUN 4.0◦ Difference P-value
Median ZHH 39.8 47.0 -7.2 ≤ 0.0002
90th percentile ZHH 43.5 54.5 -11.0 ≤ 0.0002
Median ρHV 0.66 0.80 -0.14 ≤ 0.0002
Median ZDR 0.1 -0.1 0.2 0.325
90th percentile ZDR 1.8 2.5 -0.7 0.006
ZDR MAD 1.0 1.8 -0.8 0.200
Median ΦDP (TDS) 2.0 13.1 -11.1 NC
Median ΦDP (Rain) 11.4 6.7 4.7 NC
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T-matrix calculations reveal that S-band ZHH is often higher than C-band
ZHH . Dual-wavelength ZHH differences exhibit significant differences depending
on “debris” aspect ratio or wetness (Figs. 4.1,4.2). With the exception of wet,
prolate spheroids, S-band ZHH is generally greater than or equal to C-band
ZHH . Several diameter ranges of dry and wet oblate spheroids and dry prolate
spheroids could produce a TDS with 10 dB differences in S-band and C-band
ZHH , such as dry, oblate spheroids with diameters between 22 – 32 mm.
4.3.2.2 Co-polar cross-correlation coefficient
Comparisons of OU-PRIME and KOUN data from 2230 – 2232 UTC reveal
differences in ρHV . S1 and C1 ρHV , ZDR, and ΦDP are shown in Fig. 4.6. Higher
ρHV values are generally observed at S1 compared to C1 (Fig. 4.7). At the three
comparison levels, median ρHV at S-band is 0.14 – 0.15 higher than C-band,
and permutation tests reveal statistically significant differences between S- and
C-band (Tables 4.3 – 4.5).
An increase in both S- and C-band ρHV is observed from 350 m to 1100 m
(Fig. 4.7). Permutation tests are conducted for S1 and S3, and C1 and C3
to determine if statistically significant changes in ρHV occur with height. The
difference in S1 and S3 median ρHV is -0.05 and the p-value is 0.044, indicating
a statistically significant increase in S-band median ρHV with height. Similar
increases are observed in C-band median ρHV with a difference of -0.05 and a
p-value of 0.006. The increase in ρHV corresponds to a decrease in ZHH , which
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Figure 4.6: 1.4◦ KOUN (left column) and 1◦ OU-PRIME (right column) ZHH ,
ρHV , ZDR (dB), and ΦDP (
◦) at 22:30:56 and 22:30:59 UTC, respectively. The
x and y coordinates show the distance from KOUN (in km). ρHV is generally
higher at S-band compared to C-band. Within the TDS, ρHV at C-band is
typically below 0.7 while S-band ρHV is above 0.7 in the same regions. Both
KOUN and OU-PRIME exhibit considerable variability in ZDR, and regions of
negative ZDR. S-band (C-band) ΦDP exhibits a positive (negative) shift within
the TDS.
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Figure 4.7: Histograms of OU-PRIME and KOUN ρHV at comparable beam
heights. As height increases, ρHV increases at both S-band and C-band.
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suggests a decrease in debris size and/or concentration. Differences between S1
and S3 90th percentile ZHH , and C1 and C3 90th percentile ZHH are 2.0 and
4.0 dB, respectively, with p-values of 0.099 and 0.
Differences in non-Rayleigh scattering characteristics at S- and C-band may
explain differences in ρHV . If debris exhibit a sufficiently large range of sizes,
larger scatterers may exhibit non-Rayleigh scattering while the smaller scatterers
exhibit Rayleigh scattering. Because non-Rayleigh scattering occurs for larger
debris sizes at S-band compared to C-band, a large size distribution of debris
would contain fewer non-Rayleigh scatterers at S-band compared to C-band.
Thus, the impact of resonance effects on ρHV would be greater at C-band com-
pared to S-band, causing lower ρHV at C-band. Moreover, C-band has a greater
sensitivity to deviations from a spherical shape compared to S-band, resulting
in lower ρHV (Balakrishnan and Zrnic´ 1990). Large variations in debris shapes,
sizes, and orientations may be a contributing factor to the large variability of
ρHV in TDSs. The increase in ρHV with height at both S- and C-band may
result from a smaller ratio of non-Rayleigh scatterers to total scatterers due to
debris fallout and centrifuging.
4.3.2.3 Differential reflectivity
OU-PRIME and KOUN data exhibit similarities and differences in ZDR.
Contiguous regions of negative ZDR are observed at both S1 and C1, respec-
tively (Fig. 4.6). Mean values of S1 and C1 median ZDR are -0.3 and 0.2 dB,
136
respectively, indicating lower ZDR at S-band (Table 4.3). Higher 90th percentile
ZDR is observed at C-band, with a greater dual-wavelength difference in 90th
percentile ZDR compared to median ZDR.
An intriguing observation of TDS studies is that coherent regions of nega-
tive ZDR are observed while positive ZDR regions are only observed in regions
of higher ρHV where precipitation entrainment is suspected. If no common de-
bris alignment occurs, individual debris would produce both large positive and
negative ZDR, which could average to near-zero values for a resolution volume.
Bluestein et al. (2007) suggest that a small number of commonly aligned debris
in a resolution volume could cause negative ZDR. In such cases, distinct peaks in
the Doppler spectra would likely be evident. In the present case, C-band Doppler
spectra in negative ZDR regions are generally flat or exhibit broad peaks, sug-
gesting that a large number of debris contribute to negative ZDR measurements.
The negative ZDR signature occurs when the tornado is passing over a heavily
vegetated area with few manmade structures near Lake Stanley Draper (Fig. 4.3),
and the NWS damage survey notes extensive tree damage in this area. Although
some larger debris from structures could be lofted, numerical modeling simula-
tions have shown that most large, dense debris fall out in the lowest 300 m AGL
(Snow 1984; Dowell et al. 2005). Based on satellite imagery and the damage
survey, it is speculated that vegetation, such as leaves or small tree branches,
are the dominant scatterers in the TDS during this dual-wavelength comparison
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at 340 – 360 m AGL. A second explanation is that a small concentration of large
debris remains above 300 m AGL, and produce negative ZDR.
The presence of both very low ρHV and negative ZDR creates an interest-
ing conundrum. Given low ρHV collocated with the negative ZDR signature,
scatterers likely exhibit non-Rayleigh scattering and/or a low common degree
of scatterer alignment. Balakrishnan and Zrnic´ (1990) found that as the de-
gree of common alignment of wet hail decreases, ρHV decreases. Hence, very
low ρHV may suggest a low degree of common alignment. However, given that
debris scattering characteristics are complex due to their unusual shapes, sizes,
and compositions, we speculate that the wide range of scatterer characteristics
within a resolution volume could still produce very low ρHV even if some degree
of common scatterer alignment exists. Given the large instrinic ZDR values of
debris (Fig. 4.1c,f), even a small degree of common alignment could produce the
slightly negative ZDR values observed herein. We speculate that observations
of increasingly negative ZDR with height could result from a greater tendency
of smaller, less-dense debris to exhibit a greater degree of common alignment
whereas larger debris near the surface are exhibit a lower degree of common
alignment.
ZDR exhibits large spatial variability within the TDS at both S-band and C-
band (Fig. 4.6). Errors in ZDR measurements increase as ρHV decreases (Bringi
and Chandrasekar 2001), which may account for some variability in ZDR. His-
tograms of ZDR at each comparison level (Fig. 4.8) also reveal high variability
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of ZDR at each elevation angle. Although S-band ZDR MAD is higher at each
elevation angle compared to C-band, the permutation test p-value is 0.198 –
0.200. Thus, the permutation test does not yield statistical significance for dual-
wavelength ZDR MAD differences.
4.3.2.4 Differential propagation phase
Within the TDS, differential propagation phase, ΦDP , exhibits high variabil-
ity and different offsets at S- and C-band compared to surrounding areas of rain
(Fig. 4.6). Non-Rayleigh scattering effects of numerous debris within resolution
volumes likely contributes to high variability of δDP , leading to high variability
of ΦDP . An interesting observation is that ΦDP differ from ΦDP values outside of
the TDS. To investigate these differences, median ΦDP inside and outside of the
TDS are calculated to illuminate the differences in ΦDP . The same thresholding
procedure discussed in Section 4.2 is used to identify the TDS. To provide a
comparison in areas of rain, resolution volumes with ρHV above 0.98 and 0.93 at
S-band and C-band, respectively, are identified within an annulus between the
radius of maximum wind and a 4-km radius from the vortex center.
Higher (lower) median ΦDP is observed within the TDS at S-band (C-band)
compared to surrounding areas of rain. Tables 4.3 – 4.5 present median S- and
C-band ΦDP in rain and in the TDS. A permutation test is performed at S-
and C-band comparing median ΦDP in the TDS and rain. P-values for S1 – S3
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Figure 4.8: Histograms of OU-PRIME and KOUN ZDR at comparable beam
heights. Higher variability of ZDR is observed at S-band compared to C-band,
although statistically significant differences are not observed.
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and C1 – C3 are ≤ 0.0002, indicating a statistically significant offset in median
ΦDP within the TDS at both S- and C-band.
δDP folding may account for the observations of a slightly positive (negative)
shift in ΦDP at S-band (C-band). δDP folding occurs where δDP changes from
-180◦ to 180◦, or from 180◦ to -180◦ (Figs. 4.1,4.2). Due to the larger electrical
sizes of scatterers at C-band compared to S-band, the first δDP fold at C-band
occurs at a smaller diameter compared to S-band. For example, in the case
of wet, oblate debris (Fig. 4.1f), the first δDP fold at S- and C-band occur at
47 and 23 mm, respectively. Based on KOUN and OU-PRIME observations,
positive (negative) δDP at S-band (C-band) could result for diameter ranges of
24 – 41 mm or 62 – 72 mm.
Based on T-matrix calculations, if a large range of scatterer diameters are
present, a δDP offset is less likely because multiple folds average out large positive
and negative δDP . On the other hand, if a small range of scatterer diameters are
present, or a few similarly sized debris dominant the backscattered radar signal,
then a distinct δDP offset is more likely. Hence, δDP offsets could provide some
qualitative information about debris size distributions. However, using δDP to
estimate debris size might not be feasible because δDP depends on poorly known
variables such as debris composition, orientation, and water coating.
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4.3.3 2238 UTC volume scans
The 2238 UTC KOUN volume scan encompasses the period of most severe
tornado damage. At 2238 UTC, examination of 0.5◦ KOUN velocity data reveals
that the tornado had just passed over 1-40 near Choctaw Road (Fig. 4.3). The
NWS damage survey found EF-4 tornado damage to houses in the Deerfield
West subdivision just west of I-40, and a gas station and restaurant sustained
up to EF-3 damage as the tornado passed over I-40 (NOAA National Climatic
Data Center 2010).
Decreasing ZHH with height is observed at 2238 UTC (Fig. 4.9), indicating a
decrease in debris size or concentration with height. 90th percentile ZHH exhibits
a statistically significant decrease in height with a permutation test p-value of
0.001. Given differences in damage severity and terrain characteristics between
the 2229 and 2238 UTC volume scans, polarimetric variables might be expected
to exhibit some differences. To compare similar altitudes between the 2229 and
2238 UTC scans, 0.9◦ KOUN data at 2229 UTC (z=210 m) and 0.5◦ KOUN data
at 2238 UTC (z=200 m AGL) are selected. 2238 UTC 0.5◦ elevation median
and 90th percentile ZHH are 7.3 and 3.0 dB higher, respectively, compared to
2229 UTC 0.5◦ elevation KOUN data. Permutation tests yield p-values of ≤
0.0002 for both statistics, indicating statistically significant differences.
Higher ρHV is observed in the TDS at 2238 UTC compared to 2229 UTC.
2238 UTC 0.5◦ median ρHV is 0.04 higher than 0.9
◦ 2229 UTC ρHV . Permutation
142
−10 −5 0 5 10
0
0.05
0.1
0.15
0.2
0.25
0.3
ZDR (dB)
P(
Z D
R)
0.5° ZDR
N=36
z=0.2 km
20 30 40 50 60 70
0
0.05
0.1
0.15
0.2
0.25
0.3
ZHH (dBZ)
P(
Z H
H)
0.5° ZHH
N=36
z=0.2 km
0.2 0.4 0.6 0.8 1
0
0.05
0.1
0.15
0.2
0.25
N=36
z=0.2 km
ρHV
P(
ρ H
V)
0.5° ρHV
−10 −5 0 5 10
0
0.05
0.1
0.15
0.2
0.25
0.3
P(
Z D
R)
0.9° ZDR
N=42
z=0.37 km
20 30 40 50 60 70
0
0.05
0.1
0.15
0.2
0.25
0.3
P(
Z H
H)
0.9° ZHH
N=42
z=0.37 km
0.2 0.4 0.6 0.8 1
0
0.05
0.1
0.15
0.2
0.25
N=42
z=0.37 km
P(
ρ H
V)
0.9° ρHV
−10 −5 0 5 10
0
0.05
0.1
0.15
0.2
0.25
P(
Z D
R)
1.4° ZDR
N=34
z=0.59 km
20 30 40 50 60 70
0
0.05
0.1
0.15
0.2
0.25
P(
Z H
H)
1.4° ZHH
N=34
z=0.59 km
0.2 0.4 0.6 0.8 1
0
0.05
0.1
0.15
0.2
0.25
N=34
z=0.59 km
P(
ρ H
V)
1.4° ρHV
Figure 4.9: Histograms of KOUN ZHH , ZDR, and ρHV at 0.5
◦, 0.9◦, and 1.4◦
elevation during the 22:38:27 UTC volume scan.
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Table 4.6: 90th percentile ZHH (dBZ), median ρHV , and median and 90th per-
centile ZDR (dB) for the 0.5
◦ and 1.4◦ KOUN elevation scans at 22:38:27 UTC.
P-values are determined through hypothesis testing using a permutation test
with 5000 permutations.
Statistic KOUN 0.5◦ KOUN 1.4◦ Difference P-value
90th percentile ZHH 62.5 58.2 4.3 0.001
Median ρHV 0.78 0.79 -0.01 0.435
Median ZDR 0.5 0.0 0.5 0.165
90th percentile ZDR 2.5 3.4 -0.9 0.130
tests indicate that the median ρHV difference is statistically significant at a p-
value of 0.029. A possible cause of higher ρHV in tornadoes is precipitation
entrainment. Higher ρHV and increases in ZDR have been observed when rain
bands wrap around tornadoes (Schwarz and Burgess 2011; Bodine et al. 2011).
In the present case, permutation tests indicate that changes in median and 90th
percentile ZDR are not statistically significant, for this case.
Similarities are observed in the 2238 – 2239 UTC dual-wavelength analyses
compared to the earlier dual-wavelength analyses. For the 1.4◦ KOUN and
1◦ OU-PRIME elevation angles, S-band median and 90th percentile ZHH are
higher compared to C-band ZHH (Table 4.7) with p-values of≤ 0.0002 for median
and 90th percentile ZHH , indicating statistically significant differences in ZHH .
ρHV is higher in the TDS at S-band compared to C-band (Fig. 4.10), with
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Table 4.7: 90th percentile and median ZHH (dBZ), median ρHV , median
ZDR (dB), 90th percentile ZDR (dB), ZDR MAD (dB), and median ΦDP (
◦) in the
TDS and surrounding areas of rain, for 1.0◦ OU-PRIME and 1.4◦ KOUN eleva-
tion. Center beam heights for OU-PRIME and KOUN are 484 and 595 m AGL,
respectively, and resolution volume sizes for OU-PRIME and KOUN are 0.014
and 0.059 km3, respectively. OU-PRIME and KOUN scan times are 22:38:13 –
22:38:31 UTC and 22:39:31 – 22:39:48 UTC, respectively.
Statistic OU-PRIME 1.0◦ KOUN 1.4◦ Difference P-value
Median ZHH 44.5 54.0 -9.5 ≤ 0.0002
90th percentile ZHH 47.7 58.2 -10.5 ≤ 0.0002
Median ρHV 0.67 0.79 -0.12 ≤ 0.0002
Median ZDR -0.2 0.0 -0.2 0.37
90th percentile ZDR 1.1 3.8 -2.7 0.001
ZDR MAD 0.7 1.5 -0.8 0.200
Median ΦDP (TDS) 1.8 7.6 -5.8 NC
Median ΦDP (Rain) 13.9 7.8 6.1 NC
145
a difference of -0.12. The permutation test p-value of ≤ 0.0002 indicates a
statistically significant difference in median ρHV at S- and C-band.
Some interesting differences are observed during the 2238 – 2239 UTC dual-
wavelength comparison compared to the earlier dual-wavelength analyses. Me-
dian and 90th percentile ZHH are 9.8 and 9.7 dB higher at S-band compared
to C-band. In contrast to the 2231 UTC dual-wavelength comparison, median
ZHH does not exhibit a smaller dual-wavelength difference compared to 90th per-
centile ZHH . This result indicates a greater number of resolution volumes con-
taining large dual-wavelength ZHH differences during the 2238 – 2239 UTC com-
parison, and may suggest greater amounts of large debris lofted compared to 2230
– 2232 UTC comparison. Given increased damage severity at 2238 UTC indi-
cated by the damage survey and higher density of manmade structures (Fig. 4.3),
an increase in lofted debris size is consistent with the damage survey. Differences
are also noted in ΦDP compared to the earlier dual-wavelength comparison. For
median ΦDP , a negative shift is observed at C-band while a statistically signifi-
cant shift in S-band ΦDP is not observed in the TDS.
4.3.4 Range profiles of polarimetric radar data and
axisymmetric velocity
Axisymmetric velocity retrieval techniques have been applied to high-resolution
radar data to retrieve three-dimensional tornado wind fields (e.g., Lee et al. 1999;
Lee and Wurman 2005; Dowell et al. 2005). Range profiles of axisymmetric radial
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Figure 4.10: 1.4◦ KOUN (left column) and 1◦ OU-PRIME (right column)
ZHH (dBZ), ρHV , ZDR (dB), and ΦDP (
◦) at 22:39:31 and 22:38:13 UTC, respec-
tively. The x and y coordinates show the distance from KOUN (in km). TDSs
are evident at both S- and C-band, and the TDS is further east for the KOUN
scan due to the time difference between scans. As observed during the earlier
dual-wavelength comparison, ρHV is higher at S-band compared to C-band.
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and tangential velocities, up(r) and vp(r), are retrieved using a method developed
by Dowell et al. (2005), which uses a least squares fit for Doppler radial velocity
data. To avoid confusion between axisymmetric radial velocities and Doppler
radial velocity, the latter will be referred to as Doppler velocity hereafter. For
KOUN and OU-PRIME, up(r) and vp(r) are computed for 250-m wide annuli, at
125-m intervals, respectively. Velocity retrievals are obtained for the 2229 UTC
KOUN and 2230 UTC OU-PRIME volume scans at low elevation angles.
A comparison of KOUN and OU-PRIME data at similar altitudes show close
agreement between retrieved velocity profiles from the two radars. Fig. 4.11a–d
shows range profiles of radial and tangential winds, and Fig. 4.11e–h shows range
profiles of ZHH and ρHV . Maximum tangential wind speeds from 1.4
◦ KOUN
and 1.0◦ OU-PRIME are 46 and 50 m s−1, respectively (Fig. 4.11b). Although
the radar comparison yields relatively close agreement, some differences may re-
sult from different resolution volume geometries and spatial resolutions. Larger
resolution volume sizes from KOUN may not fully sample the azimuthal Doppler
velocity profile, which may result in an underestimate of the maximum tangen-
tial wind speed (e.g., Carbone et al. 1985). Errors in KOUN least squares fit
velocity estimates may also be higher because fewer resolution volumes are avail-
able within each annuli, and the sensitivity of errors to the number of available
resolution volumes could be quantified in future work.
Comparisons of polarimetric variables and the wind retrievals suggest possible
effects of debris centrifuging on retrieved velocity profiles. A consistent trend
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Figure 4.11: Range profiles of radial and tangential velocity from the 2229 UTC
KOUN and 2230 UTC OU-PRIME volume scans, showing (a) 2.0◦ OU-PRIME
(z=0.72 km), (b) 1.0◦ OU-PRIME (z=0.36 km), and 1.4◦ KOUN (z=0.34 km),
(c) 0.9◦ KOUN (z=0.21 km), and (d) 0.5◦ KOUN (z=0.11 km). Range profiles
of ZHH (dBZ) and ρHV are shown in plots (e) – (h), and are arranged in the
same order as (a) – (d). Red and blue lines are used to show range profiles
of KOUN and OU-PRIME data, respectively. For (a) – (d), the solid (dashed)
lines indicate range profiles of radial (tangential) wind speeds. For (e) – (h), the
solid (dashed) lines indicate range profiles of ZHH and ρHV . Beam heights at
the center of the tornado are labelled on each figure.
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in range profiles of radial velocity from 100 m to 720 m AGL (Fig. 4.11a–d) is
radial divergence (d(rup)
dr
> 0) from the vortex center to radii of 0.5 – 0.75 km,
and radial convergence (d(rup)
dr
< 0) beyond these radii. If air-scatterer velocity
differences are neglected, integration of the continuity equation would reveal a
two-cell vortex with a central downdraft surrounded by an annulus of updraft.
In the region of largest up, median ZHH exceeds 45 dBZ and median ρHV is
below 0.8 (Fig. 4.11e–h). Thus, dominant scatterers in the region of radial
divergence and positive up are tornadic debris. Because scatterer properties,
such as size or density, must be known to estimate debris centrifuging effects,
contributions of debris centrifuging to the radial wind component cannot be
accurately determined.
Range profiles near the surface exhibit decreasing ZHH as a function of range.
0.5◦ KOUN ZHH profile (Fig. 4.11a, z=110 m) reveals a maximum in ZHH at
the center of the tornado, suggesting that the vortex center contains the largest
debris, highest concentration of debris, or both. One explanation for this obser-
vation is that inflow may inhibit debris centrifuging at low levels. Range profiles
of radial winds indicate inflow at r > 1 km, with maximum inflow velocities of
-15 m s−1. At closer radii, debris centrifuging or debris falling into the inflow
layer may mask inflow winds (e.g., Dowell et al. 2005). A second explanation is
that a smaller scale vortex is present within the 1-km scale vortex, which could
enhance debris generation and lofting. 0.5◦ Doppler velocity data indicate that
a smaller scale vortex may be embedded within the 1-km scale radius vortex.
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However, the smaller scale vortex is not adequately resolved by KOUN, so the
maximum tangential wind speed within the smaller scale vortex is unknown.
At 350 m AGL, ZHH remains approximately constant with range inside the
TDS (Fig. 4.11f). The highest value of up within the tornado of 15.7 m s
−1 is
observed at a range of 750 m AGL. Positive up at 0.21 km and 0.34 km indicates
outward motion of scatterers from r=0 to 750 m. Compared to 0.5◦ elevation
(z=110 m), lower ZHH at 1.4
◦ elevation is observed near the center of the tornado,
and higher ZHH is observed closer to the maximum up (Fig. 4.11f). The shift of
higher ZHH toward greater ranges likely arises from debris centrifuging, radially
outward debris motion caused by a two-cell vortex (divergence within core flow),
or both. At 2◦ elevation (z=720 m AGL), OU-PRIME data reveal a weak-echo
hole (WEH; Fujita 1981; Wurman et al. 1996; Wurman and Gill 2000; Bluestein
et al. 2004; Dowell et al. 2005). Within the WEH, median ρHV exhibits a relative
maximum within the RMW even though a minimum in ZHH is observed. The
increase in ρHV in the center of the tornado may result from a decrease in the
mean size of scatterers due to centrifuging, and therefore reduce the proportion
of scatterers exhibiting non-Rayleigh scattering (Fig. 4.11e, z=720 m).
4.4 Conclusions
Statistical analyses of dual-wavelength polarimetric TDSs are presented with
comparisons to damage surveys. Low-altitude KOUN radar measurements are
examined to investigate changes in polarimetric TDSs with height. While the
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tornado passed through a region of dense vegetation, KOUN ZHH decreases with
height, ρHV increases with height, and ZDR became increasing negative. Debris
centrifuging and fallout likely results in a reduction in larger scatterers, which
decreases ZHH . If a large number of non-Rayleigh scatterers fallout, an increase
in ρHV should occur with height.
As the tornado passed through an urban area where EF-3 and EF-4 damage
was observed, KOUN ZHH decreases with height while statistically significant
changes in other polarimetric variable statistics are not observed. Higher 90th
percentile ZHH is observed compared to the earlier observations at similar beam
heights over a vegetated area. Curiously, higher median ρHV is also observed.
It is speculated that higher ρHV is attributed to precipitation entrainment, al-
though differences in debris scattering characteristics or larger resolution volume
sizes cannot be ruled out.
Significant differences are observed in TDSs at S- and C-band. S-band ex-
hibits higher ZHH and ρHV values compared to C-band, likely a consequence
of non-Rayleigh scattering. 90th percentile ZHH dual-wavelength differences of
10 dB are observed. A larger dual-wavelength difference in median ZHH occurs
while the tornado caused greater amounts of damage, which suggests a greater
amount of lofted large debris. Dual-wavelength comparisons reveal that S-band
median ρHV is 0.12 – 0.15 higher than C-band ρHV . Non-Rayleigh scattering
effects may account for lower ρHV at C-band as a consequence of a larger pro-
portion of non-Rayleigh scatterers and greater sensitivity to deviations from
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spherical shapes at C-band. Increasing ρHV is observed with increasing height
above 350 m AGL, which could indicate a smaller proportion of non-Rayleigh
scatterers resulting from fallout of larger debris.
A conceptual diagram of the polarimetric TDS at different altitudes is pre-
sented in Fig. 4.12. At lower altitudes, a ZHH maximum occurs in the center of
the vortex and low ρHV is observed throughout the TDS. At 350 m, relatively
uniform ZHH and low ρHV are observed, indicating an outward centrifuging of
debris from the vortex center compared to lower altitudes. At 720 m, a weak-
echo hole and a ρHV maximum are observed in the vortex center, implying higher
concentrations of Rayleigh scatterers, reduced concentrations of debris, or both.
Tanamachi et al. (2012) present a conceptual model of the TDS with a WEH
aloft. In their observations, however, they observe low ρHV in the WEH, perhaps
resulting from very low SNR due to low scatterer concentrations. Houser (2013)
also observed both low and high ρHV aloft in WEHs at X band.
Range profiles of polarimetric variables and axisymmetric velocity retrievals
suggest debris centrifuging effects on velocity retrievals. Higher ZHH and low
ρHV are observed in regions of positive up, indicating an outward motion of
scatterers within the TDS. Using range profiles, polarimetric radar observations
and velocity retrievals may help identify areas where debris centrifuging may
contaminate Doppler velocity measurements. Unfortunately, contributions of
debris centrifuging to velocity retrievals cannot be determined without substan-
tial speculation about debris scattering characteristics.
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Figure 4.12: Schematic of polarimetric TDS as a function of height. Near the
surface, ZHH decreases with range, as shown by the Z+∆Z contour inside the Z
contour. Strong inflow (black arrows) observed at low altitudes may concentrate
debris in the vortex center. At 350 m, ZHH is constant with range and ρHV ex-
hibits low values. At higher altitudes, a WEH (area inside the Z-∆Z contour)
forms, collocated with a ρHV maximum. A minimum in ZHH and maximum in
ρHV suggests a reduction in scatterer sizes in the vortex center and/or increased
contributions from Rayleigh scatterers (e.g., rain drops).
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This study addresses the need for statistical analyses of TDSs and dual-
wavelength polarimetric radar comparisons of TDSs with good spatial and tem-
poral matching. Dual-wavelength comparisons of TDSs illuminate some general
characteristics of debris scattering, which may help interpret TDSs. Although
dual-wavelength polarimetric radar measurements are uncommon in an opera-
tional setting, dual-wavelength ZHH observations of TDSs are possible using the
WSR-88D network with C-band Terminal Doppler Weather Radars or televi-
sion station radars. Moreover, future radar networks could include polarimet-
ric radars with operating different frequencies, including closely spaced X-band
radars (McLaughlin and co-authors 2009).
Some intriguing differences are noted in TDS structure with height and at
different wavelengths, indicating some potential for debris size estimation using
polarimetric radar. A debris size estimation technique could help estimate and
correct debris centrifuging effects on Doppler radial velocity fields and three-
dimensional wind field retrievals. Wakimoto et al. (2012) proposed a method
of correcting debris centrifuging effects using radar reflectivity factor under the
assumption that scatterers within the tornado were similar to rain drops, and es-
timated centrifuging effects based on drop diameters retrieved from a Marshall-
Palmer drop-size distribution. They noted large differences in ground-based
velocity tracking display (GBVTD; Lee et al. 1999) vertical velocity fields for
corrected and uncorrected radial velocities. Common observations of low ρHV in
tornadoes suggest that tornadic debris exhibit resonance effects and are larger
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than rain drops. Accordingly, applying this method may result in an underes-
timation of debris diameter and centrifuging effects. To correct radial velocity
for debris centrifuging, a quantitative retrieval of debris distribution character-
istics (e.g., size, concentration, type) would be needed, and would require a
fundamental investigation of debris scattering characteristics to understand the
relationship between debris characteristics and polarimetric radar variables.
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Chapter 5
Numerical Simulations of Tornadic Debris Using A
Large-Eddy Simulation Model
In this chapter, LESs of tornado-like vortices are presented with a drag force
feedback parameterization that allows momentum exchange between air and
debris. Sensitivity tests are conducted to examine what debris concentrations
are required to affect tornado dynamics, and methods for determining maximum
bounds on debris concentrations in tornadoes are developed.
5.1 Overview of the LES model and debris
trajectory calculation
In this section, overviews of the LES model setup and debris trajectory
calculation are presented. Boundary conditions used to create different types of
vortex flows are discussed, and the procedure for calculating debris trajectories
is presented, including a drag force coupling model to incorporate momentum
exchange between the air and debris.
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5.1.1 LES model configuration
The present study uses an LES model to investigate debris effects on tornado
dynamics. The LES model is based on RIAM-COMPACT developed at Kyushu
University (Uchida and Ohya 2003), and details about the numerical calculation
scheme are provided in Appendix A. Maruyama (2011) discuss modifications
of the LES model for tornado simulations and debris trajectory calculations for
spherical debris. In this study, LES model runs employ 155, 155, and 89 grid
points in the x-, y-, and z-dimensions, respectively. A fine grid is employed
within the updraft region to provide maximum resolution within the tornado,
with non-dimensional grid spacing of 0.003 in the x- and y-dimensions and 0.006
in the z-dimension. Outside of this region, a staggered grid is used with grid
spacings in the x- and y-dimensions varying from 0.003 – 0.03 and varying from
0.006 – 0.016 in the z-dimension. The governing equations of the LES model are
non-dimensional, so results can be dimensionalized by choosing a characteristic
velocity, V0. For example, for V0 = 150 and 250 m s
−1, the smallest horizontal
grid spacings are 6.9 and 19.1 m, respectively.
The LES model boundary conditions create similar flow conditions to tornado
vortex chambers, using a convergence and convection region (e.g., Ward 1972;
Church et al. 1979; Church and Snow 1993). The LES model configuration
for a vortex breakdown simulation is shown in Fig. 5.1, and an example of a
Ward-type vortex chamber is shown in Fig. 5.2 for comparison. Inflow and
low-level vorticity are provided through four inlet regions, with dimensions of
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Figure 5.1: Configuration of the LES model for a vortex breakdown simulation.
Flow into the convergence region enters through 4 inlets on the side walls of the
convergence region, which have length linf and height hcvg. Flow exits the model
domain through the outlet at the top with radius, rtop.
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length linf , and the height hcvg, where hcvg is the height of the convergence (or
inflow) region. Within each inlet, Dirichlet boundary conditions are used with
unidirectional flow perpendicular to the opening and a velocity specified by a
log-wind profile with a roughness length, z0, of 0.1 m, and a maximum velocity
of vin. No-slip boundary conditions are employed at the surface and on the side
walls of the convergence region except in the inlet regions. A circular opening
separates the convergence and convection regions with a fixed radius, rup, similar
to the Ward-type vortex chamber. Above the convergence region, the convection
region has a height and radius given by hcvt and rcvt, respectively. At the top
of the convection region, Dirichlet boundary conditions are specified for a fixed
radius, rtop, with an updraft velocity, wtop.
By changing the dimensions of different simulation parameters (e.g., conver-
gence region height), a variety of vortex flows can be simulated. Table 5.1 pro-
vides a summary of simulation parameters used to create different vortex flows
herein. The three simulations include vortex flows with a vortex breakdown, two-
cell vortex, and suction vortices. Davies-Jones (1973) and Church et al. (1979)
discuss the geometric and dynamical similarities between tornado-like vortices
in vortex chambers and actual thunderstorms and associated tornadoes. They
define three non-dimensional parameters to describe the vortex chamber’s flow
geometry: ratio of the inflow height to updraft hole radius (hcvg/rup), ratio of the
convection region height to the convergence region height (hcvt/hcvg), and ratio
160
Figure 5.2: Configuration of a Ward-type vortex chamber (adapted from Church
et al. (1979)). Similar to the LES configuration, the vortex chamber has a
convergence and convection region separated by an updraft hole. Flow exits the
vortex chamber through an exhaust fan at the top of the chamber.
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Table 5.1: List of LES model configuration parameters for the vortex breakdown,
two-cell vortex, and suction vortex simulations.
Vortex Breakdown Two-Cell Vortex Suction Vortex
Inflow region leng. (linf ) 0.29 m 0.29 m 0.52 m
Convergence region hgt. (hcvg) 0.2 m 0.2 m 0.03 m
Inflow boundary velocity (vin) 0.04 m s
−1 0.05 m s−1 0.13 m s−1
Horizontal domain leng. (ldom) 1.28 m 1.28 m 1.28 m
Convection region rad. (rcvt) 0.6 m 0.6 m 0.6 m
Updraft opening rad. (rup) 0.17 m 0.20 m 0.15 m
Top outlet rad. (rtop) 0.06 m 0.06 m 0.05 m
Convection region hgt.(hcvt) 0.6 m 0.6 m 0.8 m
Top outlet velocity (wtop) 1 m s
−1 1 m s−1 1 m s−1
hcvg/rup 1.18 1 0.2
hcvt/hcvg 3 3 27
linf/rup 3.76 3.20 4.27
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of the outer confluence region to the updraft hole region (linf/rup). In a super-
cell thunderstorm, the inflow depth and mesocyclone (updraft hole radius) have
similar spatial scales (e.g., 1 – 3 km), thus values close to unity are expected,
consistent with the LES configurations for the vortex breakdown and two-cell
vortex simulations (Table 5.1). In the suction vortex LES configuration, inflow
occurs through a smaller depth, producing a higher swirl ratio, S:
S =
rupΓ
2Qhcvg
(5.1)
where Γ is the circulation at the radius of the updraft opening, and Q is the
volume flow rate through the vortex chamber. In the atmosphere, typical depths
of supercell storms range from 8 – 15 km. Accordingly, hcvt/hcvg may vary from
2.7 – 15 (values toward the middle portion of this range may be favored because
deeper convection probably has deeper inflow layers). The value of hcvt/hcvg for
the suction vortex configuration may be too large for a supercell flow, however,
the increased depth of the convection region facilitates the development of the
central downdraft.
5.1.2 LES model experiments
The first set of simulations involves a vortex breakdown (Benjamin 1962;
Wilson 1986). In a vortex breakdown, a transition point occurs between super-
critical and subcritical flow along the central axis. The supercritical (subcritical)
flow region is defined as the region in which inertial waves move vertically slower
(faster) than the air, and is located below (above) the vortex breakdown. The
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Figure 5.3: Vertical cross-sections of zonal (u), meridional (v), vertical (w) veloc-
ities (m s−1) and pressure change (∆P; hPa) for a vortex breakdown simulation
averaged over 1 s for (V0 = 150 m s
−1). The vortex breakdown occurs at a height
of 100 m AGL along the tornado’s central axis.
supercritical region consists of a narrow vortex (often called an end-wall vortex)
and large vertical velocities along the central axis while the subcritical region
exhibits a larger core diameter, greater turbulence, and near-zero or negative
vertical velocities (Church et al. 1979).
The LES model reproduces the expected flow characteristics for a vortex
breakdown. Vertical cross-sections of zonal, meridional, vertical wind speeds,
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and pressure in the x-z plane are shown in Fig. 5.3 for the LES vortex breakdown
case. The inflow layer extends to a height of 150 m, with the largest inflow
velocities in the lowest 50 m (i.e., corner flow region). Along the central axis of
the tornado, this strong radial flow is diverted upward along the central axis,
creating an intense jet extending up to the vortex breakdown. Compared to
above the vortex breakdown, tangential velocities are greater and the vortex
diameter is smaller below the vortex breakdown. The minimum pressure change
also occurs below the vortex breakdown, with values as low as -55 – -60 hPa
between z = 35 – 75 m.
As the swirl ratio increases from the vortex breakdown case, the vortex break-
down location decreases in altitude until it reaches the surface. Once the down-
draft reaches the surface, the tornado becomes a two-cell vortex characterized
by a central downdraft surrounded by an annulus of updraft. Vertical cross-
sections of zonal, meridional, vertical wind speeds, and pressure in the x-z plane
are shown for the two-cell vortex simulation in Fig. 5.4. In contrast to the vortex
breakdown case, the corner flow turns upward prior to reaching the central axis
of the tornado, and the vortex diameter is comparatively larger.
For very high swirl ratios, the vortex flow can develop two or more smaller
scale vortices (called suction vortices) which rotate around the central axis, and
increase wind speeds compared to the surrounding vortex flow. Evidence for
suction vortices was first noted by Fujita (1967, 1970), who observed cycloidal
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Figure 5.4: Vertical cross-sections of zonal (u), meridional (v), vertical (w) veloc-
ities (m s−1) and pressure change (∆P; hPa) for a two-cell vortex averaged over
1 s (V0 = 150 m s
−1). In the two-cell vortex simulation, the central downdraft
extends to the surface.
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marks in a corn field. Mobile radar observations have also revealed multiple-
vortex structure in tornadoes (e.g., Wurman 2002; Lee and Wurman 2005). The
vortex flow conditions required for suction vortex formation have been inves-
tigated using tornado vortex chambers, analytical stability analyses, and nu-
merical simulations. Tornado vortex simulators produce multiple vortices for
high swirl ratios, with numbers of suction vortices ranging between 2 – 6 (e.g.,
Ward 1972; Church et al. 1979; Church and Snow 1993). Vortex sheet instabil-
ity caused by strong radial gradients of tangential velocity is believed to allow
growth of larger wavenumber modes at higher swirl ratios (Snow 1978; Rotunno
1978; Walko and Gall 1984).
The configuration for the suction vortex simulation (Table 5.1) produces
three suction vortices in a very high swirl ratio flow. Horizontal cross-sections
of zonal, meridional, and vertical velocities, and pressure at a height of 77 m
are shown in Fig. 5.5. The suction vortices are located inside of the azimuthally
averaged radius of maximum wind and along the axis of strong radial shear in
vertical velocity created by the transition from downdraft to updraft, similar to
other LES model simulations of tornadoes with suction vortices (Lewellen et al.
2000, cf. Fig. 2). Suction vortices also create locally intense vertical velocity
gradients (∂w
∂r
> 0) and contain the largest vertical velocities in the vortex flow,
similar to the simulations of Lewellen et al. (2000).
The three simulations exhibit similar dynamical quantities when compared to
previous numerical simulations of tornadoes. Common parameters for examining
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Figure 5.5: Horizontal cross-sections of zonal (u), meridional (v), vertical (w)
velocities (m s−1) and pressure change (∆P; hPa) for a suction vortex simulation
averaged over 1 s for (V0 = 250 m s
−1) at a height of 77 m. Three intense suction
vortices are evident with enhanced tangential velocities and reduced pressure,
and large radial gradients in vertical velocity.
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tornado dynamics are shown in Table 5.2 for the vortex breakdown, two-cell
vortex, and suction vortex simulations. Lewellen et al. (2000) define vortex
intensification as:
Iv =
vmax
vc
(5.2)
where vmax and vc are the maximum and core tangential velocities, respectively.
The corner flow swirl ratio (Sc; Lewellen et al. 2000; Lewellen and Lewellen
2007a,b) is defined as:
Sc =
rcΓ
2
∞
γ
(5.3)
where rc is the vortex core diameter, Γ∞ is the angular momentum far from the
vortex center, and γ is the depleted angular momentum:
γ = −
∫ ztop
0
2πru (Γ∞ − Γ) dz, (5.4)
where ztop is the top of inflow layer. Depleted angular momentum is a measure
of the vertically integrated reduction of angular momentum in the inward radial
jet of the vortex. The corner flow swirl ratio, Sc, becomes a measure of the
efficiency of the vortex flow to transport depleted angular momentum air into
the vortex core.
As near-surface angular momentum of the air is reduced (i.e., Γ∞ − Γ in-
creases), the inward radial jet penetrates to a smaller radius before centrifugal
forces increase sufficiently to inhibit the parcel’s radial inward acceleration and
divert the air parcel upward. Lewellen et al. (2000) found that greater vortex in-
tensification occurs when the radial inward jet can overshoot the radial distance
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where the angular momentum in the corner flow is equal to the angular momen-
tum in the core. However, if too much angular momentum is depleted, significant
vortex intensification may not occur. In the LES vortex breakdown simulation,
near-surface angular momentum depletion and radial inward jet overshooting
occurs in the vortex breakdown simulation, leading to greater near-surface in-
tensification of the vortex compared to the two-cell vortex and suction vortex
simulations.
5.1.3 Debris trajectory calculation and drag force feedback model
The implementation of tornadic debris in the LES model herein differs from
the “two-fluid” approach used by Gong (2006) and Lewellen et al. (2008) in that
Lagrangian debris trajectories are calculated, and a body force term is added to
the Navier-Stokes Equations to model the two-way air-debris coupling. In the
“two-fluid” approach, two Navier-Stokes Equations are formulated for both air
and debris and are solved simultaneously, with debris treated as a fluid with much
higher density. The momentum equations for air and debris are similar except
that the debris equation is treated as pressureless and a gravitational acceleration
term is added. The debris continuity equation also allows for changes in debris
fluid density with time, and incorporates subgrid turbulence.
An advantage of the Lagrangian approach is that a large number of tra-
jectories are provided in each grid cell within the tornado vortex, allowing for
variability of debris velocity in each grid cell. Moreover, debris trajectories can be
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Table 5.2: Non-dimensional parameters characterizing tornado dynamics for the
LES model runs with V0 = 150 m s
−1, including the corner flow swirl ratio
(Sc), intensification parameter (Ip), maximum near-surface and core tangential
velocities (vmax and vc), ratio of maximum inflow speed to core tangential ve-
locity (umin/vc), ratio of minimum vertical velocity to core tangential velocity
(wmin/vc), and ratio of maximum vertical velocity to core tangential velocity
(wmax/vc).
Vortex Breakdown Two-Cell Vortex Suction Vortex
Corner flow swirl ratio (Sc) 2.09 2.87 26.0
Intensification parameter (Iv) 1.39 1.29 1.06
Max. core tang. velocity (vc) 29.9 m s
−1 28.8 m s−1 40.9 m s−1
Max. tang. velocity (vmax) 41.4 m s
−1 37.0 m s−1 43.6 m s−1
umin/vc -0.67 -0.91 -0.25
wmin/vc -0.14 -0.69 -0.37
wmax/vc 0.84 0.96 0.13
171
calculated for non-spherical debris (e.g., “2 X 4s”, roof tiles) using a six-degree-
of-freedom drag coefficient model with three-dimensional drag force coefficients.
A limitation to this approach is that computational resources constrain the num-
ber of trajectories, so the number of debris in a given simulation is limited to
the order of 106. Moreover, a sufficiently small time step must be used to obtain
accurate trajectories for large velocities. To ensure that accurate trajectories
were obtained, the time step was decreased until debris distributions remained
unchanged for further reductions in the time step.
Non-dimensional debris trajectories are calculated using the following equa-
tion, as described in Maruyama (2011):
dudi
dt
= CDTa (ui − udi) |ui − udi| − δi,3, (5.5)
where CD is the drag force coefficient, and ui and udi are the air and debris
velocities, respectively. Ta is the Tachikawa number (Holmes et al. 2006),
Ta =
ρAV 20
2mg
, (5.6)
where ρ is air density, A is debris area, m is debris mass, and g is gravitational
acceleration. Ta is a ratio of the aerodynamic and gravitational forces acting on
debris. Spherical debris considered herein are assumed to have isotropic drag
coefficients as specified in (2.49). For wood debris, a mean value of CD of 1.2
is used (Hoerner 1965). Using (5.5), debris trajectories are calculated using
2nd-order Runge-Kutta integration with a non-dimensional time step of 10−3.
The drag force model implemented in the present study is based on Newton’s
third law, and assumes that if a drag force is exerted on a particle, a reaction
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force of equal magnitude and opposite direction must be exerted on the air.
Shapiro (2005) use similar physical reasoning to model two-way drag force cou-
pling to examine horizontal momentum exchange between air and rain drops.
The aerodynamic force exerted on one debris element is given by,
fxi =
1
2
ρCDA (ui − udi) |ui − udi| . (5.7)
For each grid cell, the aerodynamic force per unit mass, Fxi, is computed by
summing the aerodynamic forces, fxi,n, in the grid cell over the total number of
debris elements, N , and dividing by the product of ρ and the grid volume, Vgrid:
Fxi =
1
ρVgrid
N∑
n=1
fxi,n. (5.8)
Because the reaction force to the aerodynamic force is in the opposite direction,
Fxi is then subtracted from the spatially averaged Navier-Stokes equation, as
shown in (5.9), where ν = µ
ρ
and S is a scaling factor.
∂ui
∂t
+
∂
∂xj
(uiuj) = −1
ρ
∂p
∂xi
+ 2
∂ (ν + νSGS)D
∂ui
− SFxi. (5.9)
In some cases, the number of debris required for a realistic simulation exceeds
the number of computationally feasible trajectories. In such cases, the drag
force is multiplied by S to increase the number of debris by a factor of S. This
scaling assumes that enough trajectories are simulated to accurately represent
the mean characteristics of the debris in the grid cell (i.e., relative velocity). In
the simulations presented herein, most grid cells in the corner flow region contain
hundreds or thousands of debris per grid cell.
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The relationship between surface debris lofting characteristics and wind speeds
in tornadoes is poorly understood. The primary measure of tornado intensity
is the Fujita or Enhanced Fujita scale, which proposes that increased damage
severity is correlated with wind speed (McDonald et al. 2004; WSEC 2006),
although this relationship is largely unvalidated by actual wind speed measure-
ments (Wurman et al. 2013). For example, no measurements of the mass flux of
dust or debris into a tornado as a function of wind speed exist. However, mea-
surements of soil particle fluxes in dust devils and laboratory vortices have been
made. Neakrase and Greeley (2010) found that soil particle fluxes in laboratory
vortices with similar characteristics to dust devils varied from 10−5 – 1 kg m−2,
with smaller fluxes occurring over surfaces with greater surface roughness. Mea-
surements of dust and sand fluxes in dust devils, however, suggest that fluxes
are much smaller than 1 kg m−2. Metzger et al. (2011) found that total particle
fluxes were on the order of 10−3 kg m−2.
Given the poorly understood relationship between debris lofting and tornado
wind speeds, sensitivity tests are conducted with fixed amounts of debris in the
domain, Ndeb. For each simulation, Ndeb is gradually increased to allow the wind
field to adjust to the debris until the total number reaches Ndeb, and then Ndeb
remains constant (i.e., debris trajectories are reinitialized at the surface after
exiting the domain). Given that regions with higher wind speeds are expected
to exhibit greater debris lofting, a basic model is employed to determine the
horizontal distribution of debris lofting. Batt et al. (1999) found that the surface
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fluxes of sand particles were proportional to u
3
2 , and Gong (2006) and Lewellen
et al. (2008) employed this power-law relationship in their LES debris studies.
In the present study, surface debris fluxes are specified using
Nflux = cdebe
3
2 , (5.10)
where e is turbulent kinetic energy (TKE),
e = u′2 + v′2 + w′2, (5.11)
and cdeb is a constant of proportionality that allows for variations in surface
debris fluxes while preserving the 3
2
power-law relationship. Different cdeb values
reflect differences in the availability of particles or debris from the surface, which
account for different surface types. For the case of soil fluxes, high values of cdeb
could occur over a bare soil surface whereas low values could occur over a heavily
vegetated or rough surface. The simulations use TKE instead of horizontal
wind speed because experiments with horizontal wind speed had comparatively
larger surface debris fluxes away from the vortex, which generally contradicts
observations (although corner flow winds can cause damage in some cases).
To provide a comparison with previous debris centrifuging research, relative
velocities from one-dimensional simulations by Dowell et al. (2005) are compared
to values obtained in this study using the trajectory-based method (5.5) in a
vortex flow described by a Fiedler vortex (Fiedler 1989, 1994). The Fiedler
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Table 5.3: Rain drop and debris velocities from Dowell et al. (2005) for different
vortex flows.
Vortex Flow Parameters Particle Type Max. ud Max. vd Max. wd
(m s−1) (m s−1) (m s−1)
vmax = 50 m s
−1, rmax = 100 m Drop, D=0.5 mm 3.5 49.8 -1.1
vmax = 100 m s
−1, rmax = 100 m Drop, D=0.5 mm 7.2 99.6 -0.6
vmax = 100 m s
−1, rmax = 200 m Drop, D=0.5 mm 5.1 99.8 -0.8
vmax = 50 m s
−1, rmax = 100 m Drop, D=5 mm 13.8 45.9 -6.1
vmax = 100 m s
−1, rmax = 100 m Drop, D=5 mm 28.3 91.2 -3.2
vmax = 100 m s
−1, rmax = 200 m Drop, D=5 mm 22.1 95.4 -4.3
vmax = 50 m s
−1, rmax = 100 m Plywood sheet 18.9 38.8 -14.7
vmax = 100 m s
−1, rmax = 100 m Plywood sheet 35.2 68.1 -10.0
vmax = 100 m s
−1, rmax = 200 m Plywood sheet 34.0 84.8 -9.9
vmax = 50 m s
−1, rmax = 100 m Brick 20.4 29.7 -35.3
vmax = 100 m s
−1, rmax = 100 m Brick 41.2 52.3 -26.0
vmax = 100 m s
−1, rmax = 200 m Brick 40.9 65.1 -27.1
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Table 5.4: Rain drop and debris velocities calculated using the trajectory-based
approach for different vortex flows.
Vortex Flow Parameters Particle Type Max. up Max. vp Max. wp
(m s−1) (m s−1) (m s−1)
vmax = 50 m s
−1, rmax = 100 m Drop, D=0.5 mm 4.1 49.7 -1.2
vmax = 100 m s
−1, rmax = 100 m Drop, D=0.5 mm 9.8 99.3 -0.7
vmax = 100 m s
−1, rmax = 200 m Drop, D=0.5 mm 6.5 99.7 -1.0
vmax = 50 m s
−1, rmax = 100 m Drop, D=5 mm 14.4 45.5 -6.5
vmax = 100 m s
−1, rmax = 100 m Drop, D=5 mm 30.0 89.8 -3.6
vmax = 100 m s
−1, rmax = 200 m Drop, D=5 mm 23.6 94.6 –4.5
vmax = 50 m s
−1, rmax = 100 m Plywood 19.0 38.2 -15.5
vmax = 100 m s
−1, rmax = 100 m Plywood 39.0 73.5 -8.7
vmax = 100 m s
−1, rmax = 200 m Plywood 34.0 84.0 -10.5
vmax = 50 m s
−1, rmax = 100 m Brick 19.8 31.0 -29.0
vmax = 100 m s
−1, rmax = 100 m Brick 41.0 55.5 -21.0
vmax = 100 m s
−1, rmax = 200 m Brick 40.2 68.8 -22.2
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vortex has no radial or vertical wind velocities, and tangential velocities are
expressed as:
v =
2vmaxrmaxr
r2max + r
2
, (5.12)
where rmax is radius of maximum wind and vmax is the maximum tangential
velocity. An advantage of the Fiedler vortex is that it eliminates the unnatural
cusp exhibited by the Rankine vortex tangential wind profile. Comparisons of
maximum radial (ud), tangential (vd), and vertical (wd) speeds for 0.5-mm, 5-
mm diameter drops, 4’x8’ plywood sheets and bricks are shown for the Dowell
et al. (2005) study and the present study in Tables 5.3 and 5.4, respectively. In
general, both methods produce similar values for rain drop and debris velocities
in different vortex flows. For example, both methods show that the peak radial
debris velocity approximately increases by a factor of 2 when the maximum
tangential wind speeds increase by a factor of 2. Differences between the two
methods result from differences in drag force coefficients, and uncertainty in the
sizes of the plywood sheet and brick used in their study. Dowell et al. (2005) also
assume the drag force is proportional to the value achieved at terminal fall speed
whereas the value in the present study depends on particle Reynolds number for
rain drops and constant values for non-spherical debris.
5.2 Three-dimensional LES debris simulations
In this section, debris loading effects for sand particles and wood boards
are examined using LES with a drag force feedback parameterization. Then,
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methods for determining maximum bounds on debris loading using equivalent
radar reflectivity factor and attenuation are presented.
5.2.1 Debris loading effects on tornado dynamics
Given that tornadoes loft significant amounts of debris, debris loading may
affect tornado dynamics through momentum transfer between the air and de-
bris. Lewellen et al. (2008) examined debris loading effects of sand-sized debris
particles using LES, and defined debris loading, DL, as:
DL =
md/V
ρ
, (5.13)
where md is the mass of debris within volume V . In some simulations, their sim-
ulations revealed values of DL ranging from 1 – 10 in the corner flow region, and
observed reductions in near-surface radial, tangential and vertical wind speeds
up to 30%. While these results suggest that tornado dynamics may be signifi-
cantly altered by debris loading, amounts of debris loading in tornadoes remains
unverified by observations. As discussed previously, sand fluxes may vary by
orders of magnitude depending on surface characteristics. Hence, the goal of
the present study is to examine what amounts of debris loading are required
to affect tornado dynamics. Debris loading simulations will encompass different
sand-sized particles and wood boards. Then, to ascertain what values of de-
bris loading are realistic, radar simulated equivalent radar reflectivity factor and
attenuation are calculated from the model simulations.
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5.2.1.1 Sand particles
Momentum exchange through drag forces tends to reduce differences between
air and debris velocities. For example, consider sand particles initially at rest
that are lofted by inflow of 20 m s−1. In (5.7), the aerodynamic force (acting
on the debris) in the x-direction, fx, is negative and causes ud to decrease. In
response, the air exhibits a positive acceleration in the x-direction because fx
and thus Fx are negative, resulting in
∂u
∂t
> 0 (5.9). Similarly, debris lofted into
an updraft are accelerated vertically because the aerodynamic force in the z-
direction, fz, is positive. Accordingly, the reaction force acting on the air results
in a negative vertical acceleration (∂w
∂t
< 0).
Simulations are performed for 1011 1-mm sand particles for the vortex break-
down case using a debris density, ρd, of 2650 kg m
−3 for 306 s. Simulations
for the debris and no-debris case (Control) are initialized using the same three-
dimensional velocity fields from a steady-state vortex breakdown simulation.
Mean aerodynamic reaction forces, debris loading, air-debris relative velocities
(hereafter, called relative velocities), and equivalent radar reflectivity factor are
shown in Fig. 5.6. Mean radial, tangential, and vertical velocities, and pressure,
and the change in the aforementioned variables from the control simulation are
presented in Fig. 5.7. The largest radial acceleration of the air occurs within
the lowest grid cell within a radius of 100 m. In this region, a maximum debris
loading occurs due to increased debris lofting caused by higher velocities in the
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tornado vortex. In the lowest non-zero grid cell, the sand particles’ radial veloc-
ities decrease at the expense of inward radial momentum of the air, as described
in the previous example.
In addition to radial momentum transfer, outward radial accelerations of the
air are caused by debris centrifuging. In the lowest grid cell, sand particles are
quickly accelerated, resulting in the greatest depletion of inward radial momen-
tum of the air. Above this region, centrifugal acceleration of debris creates larger
radial relative velocity differences (Fig. 5.6). Drag forces acting on the debris
during centrifuging acceleration are radially inward (5.7) because ud exceeds u,
resulting in a radially outward reaction force acting on the air. Radial rela-
tive velocities increase with increasing radius and height, however, the radial
outward accelerations become smaller because the sand particles are present in
much smaller concentrations above the corner flow region.
While aerodynamic forces acting on debris and reaction forces acting on the
air are relatively easy to understand, the resulting changes to corner flow struc-
ture are complicated by feedback mechanisms. The velocity change experienced
by an air parcel is a function of both the acceleration (forces) acting on the air
parcel and the time an air parcel resides within a particular volume. Initially,
as debris loading occurs in the lowest grid cell, radial velocities increase and
vertical velocities decrease, increasing the amount of time an air parcel resides
in the lower corner flow. As a result, air parcels experience greater accelerations
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Figure 5.6: Aerodynamic forces and relative velocities are shown for the 1011
1-mm sand particle simulation. The left column shows mean radial (Fri), tan-
gential (Fθi), and vertical accelerations (Fzi) in m s
−2, and log10 of debris loading
(DL), and the right column shows radial, tangential and vertical velocity differ-
ences between air and debris (m s−1) and S-band equivalent radar reflectivity
factor (dBZ) computed from T-matrix calculations. Radial, tangential and ver-
tical velocities are also contoured onto the Fri, Fθi, and Fzi plots at intervals of
10 m s−1, respectively.
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Figure 5.7: The left column shows radial, tangential, and vertical velocities (m
s−1) and pressure (hPa) from the 1011 1-mm sand particle simulation, and the
right column shows the change in radial, tangential, and vertical velocities, and
pressure, from the control (no-debris) simulation.
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in the lowest grid cells, resulting in higher radial velocities and lower tangen-
tial and vertical velocities (i.e., a positive feedback). At higher altitudes in the
corner flow, this feedback is reduced because the air possesses relatively high
angular momentum (e.g., ∂v
∂z
> 0), and therefore the air is deflected upwards at
a larger radius compared to the reduced angular momentum air near the surface
(Lewellen et al. 2000), resulting in smaller reductions in tangential velocities.
While this explanation explains the tangential velocity changes, pressure gradi-
ent changes and mass continuity constraints further complicate the secondary
circulation flow.
In response to the reduction in near-surface tangential velocities, surface pres-
sure increases in the vortex center at the surface (Fig. 5.7), creating additional
feedbacks on the initial momentum exchange forcing. The reduction in radial
pressure gradient force near the surface acts to decrease inflow velocities. In the
present simulation, buoyancy (i.e., vertical velocity specified by the upper bound-
ary condition) is fixed, so an increase in surface pressure results in a negative
vertical dynamic perturbation pressure gradient force, and therefore increases
vertical velocities along the central axis. Because significant radial momentum
is depleted in the lowest model grid level and the mass continuity equation must
still be satisfied, increased inflow velocities are observed above the lowest model
grid level near the vortex core. The impact of debris loading on tornado dy-
namics results in significant changes in the near-surface wind speeds for the 1011
1-mm sand particle simulation. In the lowest grid level, inflow, tangential and
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vertical velocities are reduced up to 10.4, 35.9, and 10.6 m s−1, respectively. The
maximum tangential wind speeds in the lowest grid level are reduced from 39.5
to 9.4 m s−1.
While the preceding simulation shows that debris loading can affect tornado
dynamics, the amount of debris loading that actually occurs in tornadoes remains
unknown and has not been measured directly. Peak debris loading values in the
preceding simulation were 3.9, which is similar to peak debris loading values in
Lewellen et al. (2008). To constrain the maximum amount of debris loading
possible, equivalent radar reflectivity factor can provide an upper-bound on the
amount of debris contained in a TDS. Tornadoes contain a wide range of poten-
tial scatterer types, which could potentially make significant contributions to the
received radar signal. For this case, the maximum bound is created by assuming
that radar reflectivity factor is created by a single type of debris. An important
caveat is that even a few small scatterers can produce large ZHH values which are
orders of magnitude larger than even a high concentration of smaller scatterers,
such as sand particles. Observations of low ρHV in TDSs suggest that Mie scat-
terers are the dominant scatterers in tornadoes (e.g., scatterers with diameters
exceeding λ
16
). Therefore, the contribution of sand particles to a tornadic debris
signature may contribute some fraction (perhaps orders of magnitude smaller
than larger debris) of the total ZHH . For example, in rain/hail mixtures, small
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concentrations of hail produce much higher ZHH than comparatively high con-
centrations of rain drops. Thus, other methods that are less dependent on debris
size are needed to estimate debris concentrations, and will be discussed later.
Mean S-band equivalent radar reflectivity factor is shown for the 1011 sand
particle simulation (Fig. 5.6), and is computed using T-matrix calculations (as-
suming dry sand). Due to the small differences in equivalent radar reflectivity
factor for the sand particles in this section, similar equivalent radar reflectivity
factor would be observed at C, X, and Ka-band. As expected, the largest equiv-
alent radar reflectivity factor values are observed near the surface and equivalent
radar reflectivity factor decreases with height. A minimum in ZHH in the vortex
center aloft, or weak-echo hole (WEH; e.g., Fujita 1981; Wurman et al. 1996;
Wurman and Gill 2000; Bluestein et al. 2004; Dowell et al. 2005) forms due to
debris centrifuging and radial outward motion above the vortex breakdown.
Radar reflectivity factors vary greatly in tornadic debris signatures from 20
– 70 dBZ (e.g., Ryzhkov et al. 2005; Bluestein et al. 2007; Bunkers and Baxter
2011; Bodine et al. 2013). Equivalent radar reflectivity factor exhibits a maxi-
mum value of 65.3 dBZ in the corner flow region where most debris are lofted,
which is within observed ZHH values for TDSs. Given that radar measurements
in the corner flow region are quite rare (i.e., where debris loading exhibits a
maximum), equivalent radar reflectivity at heights of 50 and 100 m are also dis-
cussed. Maximum equivalent radar reflectivity at 50 and 100 m AGL are 46.4
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and 37.0 dBZ, respectively. These equivalent radar reflectivity values are plau-
sible ZHH values for tornadoes, although better methods for constraining debris
loading based on radar measurements will be discussed later.
By decreasing the amount of debris in the simulation by an order of magni-
tude to 1010 sand particles, debris loading effects on tornado dynamics become
minimal. Radial accelerations, and tangential and vertical decelerations are
smaller compared to the 1011 particle simulation (Fig. 5.8). Although the 1010
and 1011 simulations exhibit some differences in relative velocities (particularly
in the lowest grid cell), reduced debris loading is primarily responsible for the
smaller accelerations. The maximum value of debris loading for the 1010 and
1011 simulations is 0.06 and 3.93, respectively. Consequently, air parcels passing
through these regions exhibit smaller magnitude accelerations compared to the
1011 sand particle simulation, and thus changes in velocity in the corner flow re-
gion are small (Fig. 5.9). Moreover, the feedback mechanisms described for the
1011 simulation do not occur because the initial forcing from momentum trans-
fer is too small, and thus less debris accumulates in the corner flow. Examining
equivalent radar reflectivity factor for the 1010 simulation, the maximum value
is 46.6 dBZ for the entire simulation domain, and 40.5 and 33.4 dBZ at 50 and
100 m, respectively.
Sensitivity tests are also performed for 0.25-mm radius sand particles to assess
effects of smaller sand particles on vortex dynamics. Radial, tangential, and
vertical accelerations and air-debris relative velocity differences, debris loading,
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Figure 5.8: Same as Fig. 5.6, except for 1010 1-mm radius sand particles. Com-
pared to the 1011 1-mm radius sand particle simulation, accelerations and decel-
erations are much smaller because debris loading values in the corner flow region
are much smaller.
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Figure 5.9: Same as Fig. 5.7, except for 1010 1-mm radius sand particles. Com-
pared to the 1011 1-mm radius sand particle simulation, smaller magnitude
changes in radial, tangential, and vertical velocities, and pressure are observed
due to reduced debris loading.
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Figure 5.10: Same as Fig. 5.6, except for 6.4×1011 0.25-mm radius sand particles.
Debris loading in the corner flow region is less than 0.1, causing small magnitude
accelerations.
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Figure 5.11: Same as Fig. 5.6, except for 2.56×1013 0.25-mm radius sand par-
ticles. Large debris loading (DL < 1) in the corner flow region causes large
magnitude accelerations in the corner flow region. In contrast to the 1011 1-mm
particle simulation with similar corner flow peak debris loading, large magnitude
accelerations extend to a greater height because 0.25-mm radius particles are not
centrifuged outward as quickly.
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and equivalent radar reflectivity factor are shown for the 6.4×1011 and 2.56×1013
in Figs. 5.10 and 5.11. Simulations for 6.4×1011 and 2.56×1013 are shown to
examine cases with similar debris loading in the lowest grid cell as the 1010
and 1011 1-mm radius sand particle cases. Peak mean debris loading for the
1010 1-mm and 6.4×1011 0.25-mm radius particle simulations are 0.06 and 0.07,
respectively, and peak mean debris loading for the 1011 1-mm and 2.56×1013 0.25-
mm radius particle simulations are 3.93 and 3.51, respectively. The 6.4×1011
0.25-mm radius sand particle simulation has the same total mass as the 1010
1-mm sand particle simulation while the mass of the 2.56×1013 simulation is
a factor of 4 larger than the 1011 1-mm sand particle simulation. To obtain
similar corner flow mass loading in the 0.25-mm sand particle simulation, a
higher surface flux of sand particles is required because 0.25-mm sand particles
are evacuated from the corner flow region more quickly than 1-mm sand particle,
particularly as lowest-grid cell vertical velocities decrease due to debris loading
effects.
Significant differences exist in the spatial distributions of drag forces between
the 1011 1-mm radius and the 2.56×1013 0.25-mm radius sand particle simula-
tions. Larger radial accelerations and vertical decelerations are observed in the
lowest grid cell for the 1011 1-mm radius particle simulation even though peak
debris loading is similar, likely resulting from greater relative velocity differences
due to larger particle sizes. In the 2.56×1013 0.25-mm radius sand simulation,
large radial accelerations and tangential and vertical decelerations extend to
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greater heights compared to the 1011 1-mm radius sand particle simulation even
though centrifugal forces and associated radial air-debris relative velocities are
smaller for the 0.25-mm sand particles because debris loading is an order of
magnitude larger above the lowest grid cell compared to the 1011 1-mm particle
simulation.
Given that the spatial distribution of drag forces differs between the 1-mm
and 0.25-mm radius sand simulations, the spatial distribution of velocity change
from the control simulation should exhibit differences as well. Radial, tangen-
tial, and vertical velocities, and pressure, and changes in the aforementioned
variables from the control simulation are shown in Figs. 5.12 and 5.13. Simi-
lar to the 1010 1-mm sand particle simulation, debris loading in the 6.4×1011
simulation is insufficient to cause significant effects on vortex dynamics. In the
2.56×1013 simulation, large increases in radial velocities and large decreases in
tangential and vertical velocities are observed in the lowest grid cell, with max-
imum values of 13.2, -33.4, and -12.2 m s−1, respectively. In contrast to the
1-mm particle simulation, large velocity changes are not only observed in the
corner flow region, but extend through the vortex core flow. Negative tangential
and vertical accelerations in the corner flow extend through a sufficient depth
to cause downstream reductions in core tangential and vertical velocities. Core
tangential and vertical velocities are reduced by as much as 4.8 and 8.2 m s−1,
respectively.
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Figure 5.12: Same as Fig. 5.7, except for 6.4×1011 0.25-mm radius sand particles.
Velocity and pressure changes are small because debris loading and associated
drag forces are relatively small.
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Figure 5.13: Same as Fig. 5.7, except for 2.56×1013 0.25-mm radius sand parti-
cles. In comparison to the 1011 1-mm radius sand simulation, greater magnitude
radial, tangential and vertical accelerations are observed because the large drag
forces occur through a greater depth of the corner flow region.
195
Figure 5.14: Log10 of debris loading (DL) and equivalent radar reflectivity factor
for simulation M1. Log10 of debris loading (DL) for 0.25-, 0.5-, and 1-mm radius
sand particles, and all particles are shown in the left column, and equivalent radar
reflectivity factor at S-band for 0.25-, 0.5-, and 1-mm radius sand particles, and
all particles are shown in the right column.
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Figure 5.15: Same as Fig. 5.14, except for simulation M2 (number of particles
is a factor of 10 larger than simulation M1). Equivalent radar reflectivity factor
exhibits greater contributions from smaller particles because fewer large particles
are lofted due to reduced near-surface vertical velocities.
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Figure 5.16: Same as Fig. 5.7, except for simulation M1 which uses a sandy loam
particle distribution comprised of 0.25-, 0.5-, and 1-mm radius sand particles.
Because peak debris loading in corner flow is small (0.05), insufficient momentum
transfer occurs to create significant changes in near-surface velocities.
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Figure 5.17: Same as Fig. 5.7, except for simulation M2 which uses a sandy loam
particle distribution comprised of 0.25-, 0.5-, and 1-mm radius sand particles.
Greater reductions in magnitudes of near-surface radial, tangential and vertical
velocities are observed compared to simulation M1.
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To examine debris loading effects on tornado dynamics using a more realistic
particle size distribution, simulations are performed with 0.25-, 0.50-, and 1-
mm radius sand particles based on the size distribution for sandy loam soil
(Ns = 9.4r
−2.646
s ). The first simulation (hereafter called M1), contains 5.16×1011
0.25-mm, 4.12×1010 0.5-mm, and 3.29×109 1-mm radius sand particles. In the
second simulation (hereafter called M2), the number of sand particles for each
size is increased by a factor of 10. Peak values of debris loading for M1 and M2
are 0.05 and 3.34, respectively. Thus, simulation M1, 1010 1-mm and 6.4×1011
0.25-mm radius sand simulations have similar peak debris loadings between 0.05
– 0.07, and simulations M2, 1011 1-mm and 2.56×1013 0.25-mm radius sands also
have similar peak debris loadings between 3.34 – 3.93.
Simulations M1 and M2 present small and large debris loading cases. Debris
loading for each sand particle size, total debris loading, and equivalent radar
reflectivity factor for each sand particle size and total equivalent radar reflectivity
factor are shown for simulations M1 and M2 in Figs. 5.14, 5.15, respectively.
For simulation M1, maximum total debris loading occurs within a cylindrical
region centered around the vortex with a 50-m radius and 50-m height. For
simulation M2, the maximum total debris loading occurs near the surface due
to the reduction in radial and vertical velocities. Because air-debris relative
velocities caused by centrifuging are smaller for 0.25-mm radius particles, 0.25-
mm particles accumulate in the vortex center in both simulations and create high
debris loading inside the vortex core. Centrifugal forces eject larger particles
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more quickly, dispersing the sand particles into a larger sand cloud and some
sand particles are recycled into the inflow after falling out of the updraft.
Total equivalent radar reflectivity factor exhibits contributions from each
particle size, but most closely resembles the 1-mm equivalent radar reflectivity
factor because of radar reflectivity factor’s D6 dependence. In some areas where
1-mm particles are sparse (e.g., inside the vortex core above 200 m), 0.25-mm
and 0.5-mm particles exhibit the greatest contributions to equivalent radar re-
flectivity factor. For interpreting Doppler velocity data and correcting errors in
debris centrifuging, such variations in dominant scatterers would necessitate a
method to identify the dominant scatter’s sizes because air-debris relative ve-
locities vary depending on scatterer size. Some subtle differences are observed
between simulations M1 and M2. Because fewer 1-mm radius particles are lofted
in simulation M2, total equivalent radar reflectivity factor exhibits larger contri-
butions from smaller particles compared to simulation M1. For example, between
20 – 100 m AGL within a 100-m radius of the vortex center, 0.5-mm equivalent
radar reflectivity factor is greater than 1-mm equivalent radar reflectivity factor.
Debris loading effects on tornado dynamics differ for simulations M1 and
M2. Radial, tangential and vertical velocities, and pressure, and changes in
aforementioned variables are shown for simulations M1 and M2 in Figs. 5.16
and 5.17, respectively. In simulation M1, changes in radial, tangential, and
vertical velocities are small due to small drag and reaction forces. In simulation
M2, larger drag forces significantly reduce near-surface wind speeds. The largest
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velocity changes in lowest grid cell radial, tangential, and vertical velocities are
11.2, -28.6, and -15.3 m s−1, respectively. In contrast to the 2.56×1013 0.25-mm
sand particle simulations, reductions in tangential and vertical velocities in the
vortex core are smaller because mass loading in the vortex core is reduced and
large tangential and vertical velocities reductions occur through a more shallow
depth. However, reductions in tangential and vertical velocity extend higher
than the 1011 1-mm radius sand simulation. Thus, simulation M2 combines
some effects of the small and large sand particle cases.
5.2.1.2 Wood
Debris loading appears to increase in urban areas based on polarimetric
radar observations (Ryzhkov et al. 2005; Bodine et al. 2013), which show higher
ZHH values in urban areas. Debris loading effects in urban areas are particularly
important as changes in tornado dynamics and debris loading could significantly
affect a tornado’s damage potential and thus hazards posed to life and property.
To simulate debris loading effects in urban areas, sensitivity tests are performed
in the LES model for wood debris. Additional influences on tornado dynamics in
urban areas, such as changes in corner flow structure caused by greater surface
roughness (and greater variability of surface roughness), will be considered in
future simulations. To determine how much debris loading might occur in an
urban area, it is useful to consider the amount of materials used in construction.
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According to the National Association of Home Builders (Yamarone 2012), a
2,000-sq. ft. single-family residence requires:
• 31 m3 of framing wood (e.g., “2 X 4s”)
• 577 m2 of sheathing (e.g., plywood boards)
• 284 m2 of insulation
• 288 m2 of roofing materials (e.g., shingles)
LES model simulations were conducted for 4-foot long “2 X 4s” with 104 and
105 wood boards. As a reference point, based on a typical home concentration,
the 31 m3 of framing wood is equivalent to ∼6,400 4-foot “2 X 4” wood boards.
The wood board debris trajectories are initialized in the lowest two grid cells,
allowing for debris to originate at a greater range of heights as expected for
man-made structures.
Significant amounts of wood debris are needed to affect tornado dynamics. In
the 104 “2 X 4” simulation, debris loading in the corner flow is quite small (peak
value of 0.2), and thus magnitudes of radial, tangential and vertical accelerations
are also small (Fig. 5.18). As a result, debris loading effects on corner flow
radial, tangential and vertical velocities are relatively small. In the lowest grid
cell, radial, tangential and vertical velocities are reduced by a maximum of 0.2,
-1.8, and -0.3 m s−1, respectively. In the 105 “2 X 4” simulation, larger radial
accelerations and tangential and vertical decelerations occur in response to higher
debris loading, with a maximum debris loading of 1.1. The maximum changes
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in lowest grid cell radial, tangential and vertical velocities are 2.3, -11.3 and -
2.5 m s−1, respectively. The maximum tangential wind speeds at the lowest grid
cell are also reduced by 11.2 m s−1.
Equivalent radar reflectivity factor is computed for the 104 and 105 wood
board simulation using T-matrix calculations for a wood prolate spheroid of di-
ameter 0.1048 m (same volume as a 4-foot “2 X 4”). While radar reflectivity
factor contributions for sand may be obscured by larger debris, large wood boards
would likely be dominant scatterers in a TDS, and hence radar reflectivity factor
may provide a more useful upper-bound on maximum wood debris concentra-
tion. Maximum equivalent radar reflectivity factors for the 104 simulation for
the entire domain, 50 m, and 100 m are 94.6, 77.8 and 63.7 dBZ, respectively.
For the 105 simulation, maximum equivalent radar reflectivity factors for the
entire domain, 50 m and 100 m are 104.0, 84.4, and 70.5 dBZ, respectively. It
is evident that wood debris of sufficient concentration would produce extremely
high equivalent radar reflectivity factor values, which are on the fringe of ob-
served values for TDSs. The number of cases where tornadoes lofted substantial
amounts of wood debris sufficiently close to a WSR-88D to provide beam heights
below 100 m is probably small (none to the author’s knowledge). But, such data
could illuminate if such debris concentrations are possible. Beam heights from
the TDS cases discussed previously (e.g., see Table 3.2) are typically too high to
draw substantial conclusions about near surface debris loading, but indicate that
the upper end of 90th percentile ZHH is 61 – 66 dBZ. If radar measurements were
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Figure 5.18: Same as Fig. 5.6, except for 10,000 “2 X 4” 4-foot long boards.
Note that the color scales have been adjusted to account for greater range of
relative velocities and equivalent radar reflectivity factors for wood compared
to sand. Drag forces produce small magnitude radial, tangential, and vertical
accelerations because debris loading is small.
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Figure 5.19: Same as Fig. 5.6, except for 10,000 “2 X 4” 4-foot long boards.
Due to the small accelerations in the corner flow region, small changes in radial,
tangential, and vertical wind speeds are observed.
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Figure 5.20: Same as Fig. 5.6, except for 100,000 “2 X 4” 4-foot long boards.
Note that the color scales have been adjusted to account for greater range of
relative velocities and equivalent radar reflectivity factors for wood compared to
sand.
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Figure 5.21: Same as Fig. 5.6, except for 100,000 “2 X 4” 4-foot long boards.
Corner flow tangential wind speeds decrease and pressure increases compared to
the 104 wood board simulation.
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made at lower altitudes for these tornadoes, it is possible that higher ZHH might
be observed. The 20 May 2013 Moore, Oklahoma tornado occurred relatively
close to KTLX, but beam heights are about 200 m at the lowest elevation angle
as the tornado crosses I-35. Nonetheless, KTLX ZHH values range from 65 –
70 dBZ during the period of EF-4 and 5 damage before and just after crossing
I-35.
Unlike sand particles which are easily lofted by the wind, the greater ter-
minal fall speeds of the wood boards require greater aerodynamic forces and
vertical velocities to loft wood boards. Accordingly, debris loading effects for
wood boards (and other large debris) are probably more dependent on vertical
velocity. In tornadoes with weak vertical velocities near the surface, wood boards
may be aerodynamically lifted for a short distance while its aerodynamic force
exceeds gravity, or not lifted at all. If strong vertical velocities are present, wood
boards may be lofted and quickly transported out of the corner flow region. In
both cases, momentum transfer will occur as the wood board is accelerated by
the near-surface flow, but the amount of momentum transfer and its location
may vary significantly. Hence, accumulating significant amounts of wood in the
corner flow region might require vertical velocities to be sufficiently strong to
loft wood boards, but not strong enough to loft them quickly out of the corner
flow.
Based on this exploratory analysis of wood debris loading effects, it appears
that wood debris would create a TDS with extremely high ZHH that approaches
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the upper limits of values observed in TDSs. Even in such cases, effects on
tornado dynamics are relatively small except in the grid cell closest to the sur-
face. It is possible that debris loading effects from wood debris may be more
localized in tornadoes, and occur primarily at the location of debris dispersion.
Unlike sand particles, debris sources for wood boards would exhibit a more spa-
tially inhomogeneous distribution. To examine this effect, simulations should be
performed to examine localized debris lofting and its effect on nearby airflow.
5.2.2 Theory and simulations of debris loading measurements
Because sand-sized debris loading may affect tornado dynamics, measure-
ments of near-surface debris loading of such particles is needed. As discussed
previously, while equivalent radar reflectivity factor can provide an upper-bound
on debris loading, a small concentration of large scatterers contribute signifi-
cantly greater backscattered power than a higher concentration of larger scat-
terers. Thus, other measurements are needed to better constrain estimates of
debris loading.
Previous studies have suggested using attenuation differences between wave-
lengths to estimate scatterer concentrations (Wexler and Atlas 1963; Bluestein
and Pazmany 2000). For sand particles, a complicating factor in determining
attenuation patterns between wavelengths is that soil wetness is unknown, and
perhaps changes as particles are lofted and collide with rain drops (estimates of
liquid water content near tornadoes could perhaps aid in estimating this effect).
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As noted in Section 2.1.3.1, the complex relative permittivity of sand varies as a
function of water content. The dielectric loss factor for dry sand decreases as a
function of frequency (from 3 – 10 GHz), but even for small water contents this
effect is reversed and dielectric loss factor increases as a function of frequency.
For Rayleigh scatterers, absorption of incident power energy is greater than
scattering. Using the absorption and scattering cross-sections, one-way attenu-
ation (dB km−1) can be calculated as follows:
K = 4.343× 103
∫ ∞
0
N(D) (σa + σs) dD (5.14)
where N(D) is the number of density of scatterers per unit diameter (Doviak
and Zrnic´ 1993). The mass density of scatterers can be expressed similarly to
the liquid water content as:
Md =
ρdπ
6
∫ ∞
0
N(D)D3dD. (5.15)
For Rayleigh scatterers, σs (2.2) is much smaller than σa (2.4), and thereforeMd
is approximately proportional to K. This observation allows more meaningful
observations about sand attenuation patterns because detailed knowledge about
the sand particle size distribution is not required.
Attenuation patterns exhibit some differences in frequency between 3 – 10 GHz.
Attenuation varies as a function of wavelength proportional to Im {−Km}/λ,
which is 5.80 ×10−5, 5.27 ×10−5, 4.52 ×10−5, at S, C, and X bands, and
thus attenuation for dry sand decreases with increasing frequency between 3
– 10 GHz. T-matrix calculations confirm these observations, and demonstrate
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that for Rayleigh scatterers attenuation differences exhibit only slight sensitiv-
ity to sand particle size for constant sand mass density. For example, two-way
attenuation rates for 0.1-mm diameter sand particles with a mass density of 1.2
kg m−3 (DL=1) at S, C and X bands are 2.004, 1.966, and 1.716 dB km
−1,
respectively. For 0.37-mm diameter sand particles with the same mass density,
two-way attenuation rates are 2.004, 1.965, 1.722 dB km−1. As an example, a
100-m (1000-m) diameter debris cloud with DL=1 would produce a total at-
tenuation of 0.2 (2) dB. If the debris loading increases to DL=10, the total
attenuation increases to 2 (20) dB for a 100 (1000-m) diameter debris cloud.
Attenuation rates for these debris loading cases are much greater than typical
values for rain because such large debris loadings require an extremely high
concentration of sand particles. For example, consider a convective updraft with
a liquid water content (LWC) of 10 g m−3. Two-way attenuation rates for this
LWC at S and X band are 0.18 and 1.76 dB km−1, respectively. Using a similar
mass density for sand and water of 1.2 kg m−3 (i.e., using a unrealistically high
LWC of 1200 g m−3), attenuation rates for rain at S and X are 21.6 and 211.0
dB km−1. For 1200 g m3 of sand, attenuation rates are on the order of 2 dB km−1,
which are lower than rain because the dielectric loss factor of sand is smaller than
water.
While the preceding discussion has focused on frequencies where Rayleigh
scattering is dominant, the discussion now shifts to higher frequencies where
sand particles exhibit Mie scattering effects. For these sand particles, scattering
212
cross-sections become larger than the absorption cross-section and cause the ex-
tinction cross-section to increase more quickly as particle size increases, leading
to much higher attenuation rates. Two-way attenuation rates for a monodisper-
sive distributions of different sand particle sizes with DL = 1 and 10 are shown
in Figs. 5.22 and 5.23. As scattering effects on attenuation become greater due
to Mie scattering effects, attenuation rates increase as a function of sand particle
size for the monodispersive sand distribution. The onset of Mie scattering effects
occurs for smaller sand particle sizes at higher frequencies (Figs. 5.22 and 5.23).
In addition to Mie scattering effects, attenuation rates are further increased at
W band because the Im {−Km}/λ term is a factor of 7 greater compared to Ka
band because the dielectric loss factor is greater at W band compared to Ka
band.
Using T-matrix calculations and mean debris concentrations from the LES
model runs, attenuation through tornado debris clouds is simulated at S, C,
X, Ka, and W bands. Two-way attenuation through the center of the vortex
in the 1010 sand particle simulation is shown in Table 5.5. In this simulation,
debris loading effects on tornado dynamics were quite small and peak debris
loading was 0.06. Total two-way attenuations at S, C, and X bands are small
(< 0.02 dB), and attenuation at Ka band is less than 1 dB. Hence, attenuation
would likely not be noticeable at these wavelengths for these concentrations of
sand particles. At W band, however, the lowest grid cell attenuation is 15.5 dB,
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Figure 5.22: Two-way attenuation rate (dB km−1) of a monodispersive distri-
bution of sand particles with a mass density of 1.2 kg m−3 at S, C, X, Ka, and
W bands. Attenuation rates are constant for the diameter range where Rayleigh
scattering is valid, but increasing significantly for larger diameters due to atten-
uation due to scattering.
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Figure 5.23: Two-way attenuation rate (dB km−1) of a monodispersive distri-
bution of sand particles with a mass density of 12 kg m−3 at S, C, X, Ka, and
W bands. Attenuation rates are constant for the diameter range where Rayleigh
scattering is valid, but increasing significantly for larger diameters due to atten-
uation due to scattering.
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Table 5.5: Two-way attenuation (dB) through the center of the tornado for
the 1010 1-mm radius sand particle simulation at S, C, X, Ka and W bands.
Attenuation through the lowest grid cell (AH,i=1) and mean attenuation through
the lowest 50 (AH,50−m) and 100 m (AH,100−m) are shown.
Frequency Band AH,i=1 AH,50−m AH,100−m
(dB) (dB) (dB)
S 0.009 0.004 0.003
C 0.009 0.004 0.003
X 0.011 0.005 0.003
Ka 0.706 0.321 0.222
W 15.503 7.044 4.864
Table 5.6: Two-way attenuation (dB) through the center of the tornado for
the 1011 1-mm radius sand particle simulation at S, C, X, Ka and W bands.
Attenuation through the lowest grid cell (AH,i=1) and mean attenuation through
the lowest 50 (AH,50−m) and 100 m (AH,100−m) are shown.
Frequency Band AH,i=1 AH,50−m AH,100−m
(dB) (dB) (dB)
S 0.722 0.185 0.108
C 0.734 0.189 0.109
X 0.864 0.222 0.129
Ka 56.496 14.542 8.407
W 1240.361 319.270 184.572
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and mean attenuation through the 50- and 100-m depths are 7.0 and 4.9 dB,
and thus attenuation effects at W band would be observed.
In the 1011 1-mm sand particle simulations, debris loading causes significant
changes in near-surface wind speeds. For the 1011 1-mm radius simulation, two-
way attenuation through the vortex center is calculated for the lowest grid cell,
and for the lowest 50 and 100 m AGL (Table 5.6). The 1-mm radius particles ex-
hibit greater contributions to attenuation from scattering at small wavelengths,
leading to higher attenuation at higher frequencies. Although peak debris load-
ing values exceed 3 in the corner flow region, two-way attenuation is small at S,
C, and X bands because large debris loading occurs within a narrow radius and a
shallow depth. Accordingly, mean attenuation measured over a 50-m and 100-m
depth is small for both simulations at those frequencies (less than 0.3 dB). How-
ever, Ka and W bands exhibit significant attenuation through the center of the
simulated tornado. In the 1011 1-mm sand particle simulation, incident energy
passing through the lowest 50- (100-m) is attenuated 14.5 dB (8.4 dB) at Ka
band. At W band, attenuation would cause complete extinction of the incident
energy passing through the tornado with two-way attenuations of 185 dB in the
lowest 100-m.
Attenuation characteristics of smaller particles are also examined for the
6.4×1011 and 2.56×1013 0.25-mm radius sand particle simulations, which had
peak values of debris loading of 0.06 and 3.51, respectively. Total two-way at-
tenuation through the vortex center is computed for the 6.4×1011 (Table 5.9)
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Table 5.7: Two-way attenuation (dB) through the center of the tornado for the
6.4×1011 0.25-mm radius sand particle simulation at S, C, X, Ka and W bands.
Attenuation through the lowest grid cell (AH,i=1) and mean attenuation through
the lowest 50 (AH,50−m) and 100 m (AH,100−m) are shown.
Frequency Band AH,i=1 AH,50−m AH,100−m
(dB) (dB) (dB)
S 0.009 0.007 0.006
C 0.009 0.007 0.006
X 0.008 0.006 0.005
Ka 0.034 0.022 0.021
W 0.660 0.509 0.414
Table 5.8: Two-way attenuation (dB) through the center of the tornado for the
2.56×1013 0.25-mm radius sand particle simulation at S, C, X, Ka and W bands.
Attenuation through the lowest grid cell (AH,i=1) and mean attenuation through
the lowest 50 (AH,50−m) and 100 m (AH,100−m) are shown.
Frequency Band AH,i=1 AH,50−m AH,100−m
(dB) (dB) (dB)
S 0.669 0.259 0.181
C 0.656 0.254 0.178
X 0.577 0.224 0.156
Ka 2.504 0.971 0.678
W 48.581 18.829 13.149
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and the 2.56×1013 (Table 5.10) 0.25-mm radius sand particle simulations. Differ-
ences among S, C, and X band remain comparatively small to higher frequencies.
Total two-way attenuation of sand particles in the 0.25-mm radius simulations
are reduced compared to the 1-mm simulations at both Ka and W bands. How-
ever, significant attenuation still occurs at W band in the 2.56×1013 0.25-mm
radius simulation.
Attenuation is also computed for simulations M1 and M2 to examine attenua-
tion effects of more realistic soil particle size distributions. Two-way attenuation
through the vortex center for simulations M1 and M2 are shown in Tables 5.11
and 5.12, respectively. As observed in other small debris loading cases, simu-
lation M1 exhibits small two-way attenuation except at W band where values
Table 5.9: Two-way attenuation (dB) through the center of the tornado for the
6.4×1011 0.25-mm radius sand particle simulation at S, C, X, Ka and W bands.
Attenuation through the lowest grid cell (AH,i=1) and mean attenuation through
the lowest 50 (AH,50−m) and 100 m (AH,100−m) are shown.
Frequency Band AH,i=1 AH,50−m AH,100−m
(dB) (dB) (dB)
S 0.009 0.007 0.006
C 0.009 0.007 0.006
X 0.008 0.006 0.005
Ka 0.034 0.022 0.021
W 0.660 0.509 0.414
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exceed 1 dB. Two-way attenuation in simulation M2 causes higher attenuation
at Ka band, and would likely lead to complete attenuation of transmitted energy
at W band.
Soil moisture or sand colliding with rain drops would increase the complex
relative permittivity, and lead to higher attenuation rates. While two-way at-
tenuation values at S, C, and X band were similar for dry sand, water content
causes attenuation rates to increase between 3 – 10 GHz. Although attenuation
increases by approximately an order of magnitude at X band, sand wetting or
soil moisture content has the most significant effect at Ka and W bands because
significant attenuation already occurs for dry sand. In simulation M2, lowest
grid cell attenuation at Ka band increases from 14.8 to 99.6 dB as the fractional
Table 5.10: Two-way attenuation (dB) through the center of the tornado for the
2.56×1013 0.25-mm radius sand particle simulation at S, C, X, Ka and W bands.
Attenuation through the lowest grid cell (AH,i=1) and mean attenuation through
the lowest 50 (AH,50−m) and 100 m (AH,100−m) are shown.
Frequency Band AH,i=1 AH,50−m AH,100−m
(dB) (dB) (dB)
S 0.669 0.259 0.181
C 0.656 0.254 0.178
X 0.577 0.224 0.156
Ka 2.504 0.971 0.678
W 48.581 18.829 13.149
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volume of water increases from 0 to 20%. Hence, a tornado lofting dry sand
with no precipitation entrainment would exhibit much lower attenuation com-
pared to a tornado lofting moist soil or soil becoming wet due to precipitation
entrainment.
Sand or soil particle distributions are not monodispersive, so sand or soil par-
ticle distributions provide a more realistic assessment of sand or soil attenuation
rates in tornadoes. Two-way attenuation rates for dry clay and sandy soils at
shown for debris loadings of 1 and 10 in Tables 5.13. Soil particle radii in these
calculations range from 0.01 – 1 mm, enabling an examination of smaller particle
sizes than those examined in the previous simulations. For dry soils, attenuation
rates at S, C, and X band are similar to monodispersive attenuation rates due to
Table 5.11: Two-way attenuation (dB) for dry and wet sand (20% fractional
volume of water) through the center of the tornado for simulation M1 at S, C,
X, Ka and W bands. Attenuation through the lowest grid cell (AH,i=1) and mean
attenuation through the lowest 50 (AH,50−m) and 100 m (AH,100−m) are shown.
Frequency Band AH,i=1 AH,50−m AH,100−m AH,i=1 AH,50−m AH,100−m
Dry (dB) Dry (dB) Dry (dB) Wet (dB) Wet (dB) Wet (dB)
S 0.008 0.005 0.004 0.013 0.008 0.006
C 0.008 0.005 0.004 0.031 0.019 0.015
X 0.008 0.005 0.004 0.083 0.051 0.040
Ka 0.203 0.104 0.076 1.710 0.971 0.736
W 4.704 2.425 1.778 11.023 6.263 4.753
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Table 5.12: Two-way attenuation (dB) for dry and wet sand (20% fractional
volume of water) through the center of the tornado for simulation M2 at S, C,
X, Ka and W bands. Attenuation through the lowest grid cell (AH,i=1) and mean
attenuation through the lowest 50 (AH,50−m) and 100 m (AH,100−m) are shown.
Frequency Band AH,i=1 AH,50−m AH,100−m AH,i=1 AH,50−m AH,100−m
Dry (dB) Dry (dB) Dry (dB) Wet (dB) Wet (dB) Wet (dB)
S 0.358 0.118 0.080 0.603 0.199 0.134
C 0.358 0.118 0.079 1.415 0.467 0.317
X 0.369 0.118 0.078 3.859 1.260 0.844
Ka 14.778 3.970 2.383 99.560 29.277 18.563
W 336.428 90.976 54.834 645.287 189.562 120.016
Table 5.13: Two-way attenuation rates (dB km−1) for dry clay and sandy soils
at S, C, X, Ka and W bands for DL of 1 and 10.
Frequency Band Clay, DL=1 Sand, DL=1 Clay, DL=10 Sand, DL=10
(dB km−1) (dB km−1) (dB km−1) (dB km−1)
S 2.00 2.00 20.04 20.04
C 1.97 1.97 19.66 19.67
X 1.72 1.73 17.23 17.28
Ka 6.23 7.31 62.33 73.13
W 80.05 111.84 800.46 1118.40
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Table 5.14: Two-way attenuation rates (dB km−1) for wet clay and sandy soils
at S, C, X, Ka and W bands for DL of 1 and 10 (fractional water content of
20%).
Frequency Band Clay, DL=1 Sand, DL=1 Clay, DL=10 Sand, DL=10
(dB km−1) (dB km−1) (dB km−1) (dB km−1)
S 3.37 3.37 33.73 33.72
C 7.80 7.80 77.98 77.95
X 20.29 20.27 202.91 202.68
Ka 254.24 249.47 2542.40 2494.70
W 1098.30 1019.23 10982.98 10192.29
Rayleigh scattering (i.e., attenuation is independent of soil particle distribution).
At Ka and W bands, however, attenuation rates become increasingly sensitive
to differences in soil particle distributions. Sandy soils consist of a higher con-
centration of larger particles, leading to higher attenuation rates. For both soil
types, significant attenuation rates occurs at Ka band for debris loading of DL
= 1, and complete attenuation of incident energy may occur for DL = 10 for a
sufficiently wide tornado. At W band, DL = 1 produces significant attenuation
and may completely attenuate the incident energy similar to Ka band for DL =
10. At W band for DL = 10, attenuation rates are sufficiently large that incident
energy could be completely attenuated even for a relatively small debris cloud.
Two-way attenuation rates for wet clay and sandy soils are shown in Ta-
ble 5.14. For a 20% fractional water content, attenuation rates for moist soils
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are higher than dry soils owing to the greater imaginary part of the refractive in-
dex with greater moisture content. Attenuation rates also increase significantly
at higher frequencies, with X, Ka and W band attenuations increasing by a
factor of 10 or greater. Thus, attenuation rates observed for DL = 10 for dry
soil are observed for DL = 1. Thus, soil wetting effects should be accounted for
when estimating sand debris loading and creating a maximum bound for debris
loading.
5.2.3 Conclusions and recommendations
Debris loading effects on tornado dynamics are examined using an LES model
with a drag force coupling parameterization based on debris trajectories. Simu-
lations are performed for a range of sand particle sizes, and wood boards. Large
amounts of sand-sized debris are required to significantly affect tornado dynam-
ics, particularly above the corner flow region. As debris loading increases, corner
flow radial velocities increase, and tangential and vertical velocities decrease be-
cause debris gain momentum from the air through drag forces. As the wind
speeds are reduced, a negative feedback mechanism results because air parcels
spend greater periods of time in near-surface corner flow with large radial accel-
erations, and large tangential and vertical decelerations, further increasing radial
velocities and decreasing tangential and vertical velocities (i.e., increased par-
cel residency times allow greater angular and vertical momentum transfer from
the air to the debris). Moreover, near-surface pressure increases, leading to a
224
upward-directed perturbation pressure gradient force and decreased radial pres-
sure gradients. Consequently, axial downdrafts are reduced in magnitude and
spatial coverage, and near-surface inflow velocities are reduced further, including
at greater radii where radial accelerations caused by drag forces are small.
LES debris simulations reveal similar effects on tornado dynamics to the
simulations by Lewellen et al. (2008). While their simulations used wind tunnel
measurements to specify debris fluxes as a function of wind speed, the simulations
conducted in this study examine the sensitivity of tornado dynamics to varying
debris loads without specifying a specific debris flux to a wind speed. Such
sensitivity tests are needed because differences in surface debris fluxes vary order
several orders of magnitude depending on surface characteristics, such as sand
or soil type or wetness, or vegetation cover. Given the large variability of surface
particle fluxes, surface roughness and soil types may determine if debris loading
affects are important in tornadoes. In addition to sensitivity tests for sand
particles, large debris simulations are conducted for “2 X 4” boards. These
simulations reveal that a large number of wood boards are needed to produce
a modest effect on near-surface wind speeds. Such high concentrations of wood
boards would produce extremely high equivalent radar reflectivity factors higher
than typical values in TDSs.
Equivalent radar reflectivity factor and attenuation are calculated for a range
of common weather radar frequencies to develop a methodology for measuring
debris loading in tornadoes. Equivalent radar reflectivity factor and attenuation
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can provide an upper-bound of debris loading by assuming a single particle type
produces the backscattered radar signal. This creates an upper-bound on de-
bris loading because even though other scatterers are likely present (in unknown
contributions), they also contribute to equivalent radar reflectivity factor or at-
tenuation. Hence, the equivalent radar reflectivity factor or attenuation from
the scatterers of interest must be equal or less than the actual equivalent radar
reflectivity factor or attenuation. Such analyses are shown to be useful for esti-
mating sand debris concentrations in actual tornadoes. For debris loading values
that produce significant changes in tornado dynamics, significant attenuation oc-
curs, particularly at Ka and W bands. In many cases, complete extinction of the
W band incident energy would occur, and no measurements would be observed
beyond the debris cloud. Thus, if sufficient sand-sized debris loading is present
to cause significant changes in tornado dynamics (e.g., DL ≥ 1), significant at-
tenuation will be observed by W-band and sometimes Ka-band radars. Numerous
cases of close range observations of tornadoes exist at W and Ka bands (e.g.,
Bluestein et al. 2003, 2004; Weiss 2009), providing an opportunity to study debris
loading effects.
Given the large number of tornado measurements at W and Ka bands, analy-
ses of attenuation rates at these frequencies would be useful. Given that W, Ka,
and lower frequencies do not have the same equivalent radar reflectivity factor
due to resonance effects, direct comparisons of attenuation based on comparing
W or Ka band with lower frequencies may be difficult. However, it may be
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possible to infer attenuation across the TDS by assuming the debris signature
possesses axisymmetric equivalent radar reflectivity factor, and examining the
reduction in equivalent radar reflectivity factor along the radial. Lidar mea-
surements in tornadoes (Bluestein et al. 2013) could also be useful for assessing
debris loading of small particles which could contribute to debris loading in tor-
nadoes, and perhaps provide between low-level observations. Factors affecting
debris loading could be examined for a large number of cases to assess differences
caused by different soil types or vegetation cover.
New methods are needed to estimate debris concentration and size, and will
require a fundamental examination of polarimetric scattering characteristics of a
wide range of debris using T-matrix calculations, more advanced electromagnetic
simulations, and anechoic chamber measurements. New methods could exploit
polarimetric radar observations at multiple wavelengths (time series and/or mo-
ment data), and may benefit from utilizing different polarizations (e.g., linear,
circular). As discussed previously, using ZHH and ρHV at multiple wavelengths
may help illuminate characteristics of the size distribution (i.e., the presence
of sufficiently large sizes to produce non-Rayleigh scattering). To acquire de-
bris size and concentration estimates, attenuation measurements could provide
a useful second measurement because attenuation is less sensitive to scatterer
size compared to radar reflectivity factor. For estimating sand or soil loading,
measurements of relative permittivity over the range of weather radar frequen-
cies are needed for different sand or soil types with varying wetness. It may be
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helpful to acquire soil or vegetation samples to determine size distributions (e.g.,
using sieving) or estimate soil wetness to enable more accurate comparisons to
radar observations or model simulations. To validate debris size or concentra-
tion retrievals, video observations may be useful for estimating size, type and
concentration of larger scatterers. Estimates of sand debris loading might also
be possible from optical attenuation from photographs or videos (such methods
have been applied to dust devils on Mars).
Radar observations and damage surveys frequently indicate that tornado
wind speeds increase after tornado formation. Concomitantly, visual obser-
vations frequently reveal a growing debris cloud and radar observations show
increasing radar reflectivity factor, suggesting increasing debris loading during
this period of intensification. If the tornado is intensifying during this period
of increasing debris loading, does debris loading limit the amount of intensifica-
tion that occurs, or are debris concentrations insufficient to substantially affect
tornado dynamics? Do variations in surface type variations lead to debris flux
differences and accordingly, differences in tornado evolution? Similarly, if debris
loading inhibits tornado intensification during the transition from developing to
mature tornadoes, debris loading might accelerate the dissipation phase of the
tornado.
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Chapter 6
Conclusions and Recommendations For Future Work
In this chapter, conclusions from the study are presented from the T-matrix
calculations, polarimetric radar observations and numerical simulations of tor-
nadic debris. Then, recommendations for future work are discussed.
6.1 Conclusions
The objective of this study is to examine polarimetric radar characteris-
tics of tornadic debris using radar observations and numerical simulations. A
background on electromagnetic scattering and polarimetric variables is provided,
including T-matrix calculations of polarimetric variables for different types of
debris. In Chapter 3, TDS parameters are compared to damage surveys to in-
vestigate the application of TDS parameters for near real-time damage estima-
tion. Then, dual-wavelength comparisons between S- and C-band polarimetric
TDSs are discussed in Chapter 4 to illuminate similarities and difference between
wavelengths. In Chapter 5, LES model runs are presented which incorporate a
trajectory-based drag force feedback model to permit momentum exchange be-
tween air and debris.
T-matrix calculations of idealized tornadic debris reveal complex relation-
ships between debris size and polarimetric radar variables. Large oscillations in
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ZHH in the Mie scattering region create non-monotonic relationships between
ZHH and debris size for both rocks and wood particles. Large dual-wavelength
ZHH differences occur between S, C, and X band, and debris exhibit similar dual-
wavelength ZHH differences to hail. Dual-wavelength ZHH differences are further
complicated by a superposition of ZHH oscillations due to Mie scattering, but
modest positive correlations exist between S- and X-band ZHH dual-wavelength
differences. When debris become wetted, an increase in equivalent radar reflec-
tivity factor is observed for both sand and wood. An important limitation to the
T-matrix study is that the types of debris simulated are restricted to spheroidal
shapes whereas actual debris may be much higher aspect ratio and exhibit irreg-
ular, non-spherical shapes. Consequently, polarimetric radar variables for actual
debris could differ significantly depending on the physical characteristics of the
debris.
Polarimetric radar observations of TDSs not only improve remote tornado
detection, but provide a useful estimate of near real-time damage severity and
extent. This study examines the use of TDS parameters to estimate tornado
damage severity using S-band polarimetric radar data. Modified TDS param-
eters from Ryzhkov et al. (2005) and new TDS parameters are used, and are
compared to detailed damage surveys provided by the NWS. In comparisons of
along-path EF-rating, 90th percentile radar reflectivity factor, TDS height, and
TDS volume increase during tornado intensification and decrease during tornado
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dissipation. For 14 tornado cases, maximum and minimum TDS parameter val-
ues are compared to tornado EF ratings. An increase in 90th percentile ZHH ,
TDS height, and TDS volume, and a decrease in 10th percentile ρHV and ZDR are
observed as tornado EF-rating increases. These results suggest that TDS pa-
rameters could help forecasters obtain near-real-time information about tornado
damage severity and spatial coverage.
Statistical analyses of dual-wavelength radar observations illuminate inter-
esting differences between S- and C-band polarimetric radar data. KOUN and
OU-PRIME exhibited close temporal and spatial matching during the 10 May
2010 Moore-Oklahoma City EF-4 tornado. Dual-wavelength comparisons reveal
that S-band TDSs have higher ZHH and ρHV compared to C-band TDSs. Higher
S-band ρHV is attributed to a smaller ratio of non-Rayleigh scatterers to total
scatterers due to smaller electrical sizes, reduced resonance effects, and less sen-
sitivity to deviations from spherical shapes at longer wavelengths. A negative
ZDR signature is also observed nearly simultaneously at S and C bands as a
tornado passes over a vegetated area near Lake Stanley Draper. To investi-
gate relationships between polarimetric variables and tornado wind fields, range
profiles of radial and tangential wind speeds are calculated using KOUN and
OU-PRIME data. Radial velocity profiles reveal radial divergence within vortex
core flow through 700 m AGL collocated with the TDS. Formation of a weak-
echo hole and higher ρHV in the vortex center aloft suggests debris centrifuging,
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outward motion of scatterers due to radial divergence (i.e., two-cell vortex flow),
or both.
Debris loading effects may affect tornado dynamics because large concentra-
tions of debris are lofted in the corner flow region. To examine this effect, a
drag force feedback parameterization is developed and incorporated into an LES
model. Sensitivity tests are performed with varying concentrations and sizes of
debris to determine the amount of debris needed to affect corner flow and core
velocities. To provide a realistic constraint on debris loading, equivalent radar re-
flectivity factor and attenuation at multiple frequencies are calculated for model
simulations using T-matrix calculations. Because a very large concentration of
sand particles is required to create significant momentum change between air and
debris, attenuation rates in sand clouds are much higher than those observed for
rain, and would cause significant attenuation or complete extinction of incident
energy for W-band and sometimes Ka-band radars.
6.2 Recommendations for future work
To understand relationships between TDSs and surface damage character-
istics, a larger number of comparisons between detailed damage surveys and
TDSs are needed. Although this study suggests that TDS parameters tend to
be correlated with surface damage severity and extent, a larger set of cases are
needed to further examine this relationship and determine the strengths and
weaknesses of different TDS parameters as a near real-time damage severity
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estimator. Geographic differences may result in different TDS characteristics
depending on population density, vegetation type, etc., and may require differ-
ent TDS thresholds or parameters for different locations. Using the recently
upgraded polarimetric WSR-88D network, a large sample size of TDS cases can
be obtained. More fundamentally, the relationship between surface damage,
debris lofting, and characteristics of tornado wind fields needs to be examined.
With high-resolution polarimetric mobile radars, relationships between the TDS,
surface damage, and tornado wind fields can be investigated.
Debris electromagnetic scattering characteristics are poorly understood, but
are a critical component of understanding TDSs and developing applications
for TDSs. While general characteristics of the TDS is known, the behavior of
polarimetric variables for specific debris types is unknown. To address this need,
a systematic study of electromagnetic characteristics of debris is underway using
T-matrix calculations, HFSS simulations, and anechoic chamber measurements
for a wide range of debris types (e.g., sand, leaves, wood boards, bricks, etc.).
Using a realistic radar simulator (Cheong et al. 2008) and simulations from the
LES model or the Straka Atmospheric Model (SAM), TDSs will be simulated
for different vortex flows and different combinations of debris types, sizes, and
orientations.
Developing a debris classification algorithm remains a desirable, yet elusive
goal, particularly for mitigating Doppler velocity errors due to debris centrifug-
ing. Given that tornadic debris distributions are a multiple parameter problem,
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determining physical characteristics of the debris field will require multiple inde-
pendent measurements that are sensitive to debris size, concentration, etc. For
debris exhibiting Rayleigh scattering, radar reflectivity factor and attenuation
provide two measurements with dependence on debris size and concentration.
In the Mie scattering region, however, radar reflectivity factor and attenuation
exhibit non-monotonic relationships with debris size and thus additional infor-
mation is needed. Multiple radar frequencies may be useful to obtain estimates of
debris size, perhaps using dual-wavelength ZHH or ρHV differences. Polarimetric
radar data collected in different polarizations or full measurements of the covari-
ance matrices may also provide useful information about debris characteristics.
Finally, simulations or experiments with multi-static radar or multi-receiver net-
works could be useful given the anisotropic scattering characteristics of large
debris, and possible applications of line-of-sight attenuation measurements for
estimating debris concentrations or size.
To mitigate debris centrifuging effects on Doppler velocity, it may be desir-
able to design weather radars that minimize sensitivity to large particle sizes.
T-matrix calculations indicate that ZHH increases for large particles as radar
wavelength increases. Thus, at shorter wavelengths, differences between ZHH for
larger debris and small particles becomes smaller, and thus the power-weighted
contributions of the smaller scatterers increase. Thus, their contribution to mean
velocity also increases. Given that large debris (e.g., wood boards) are present in
much smaller concentrations than rain drops or sand particles, high frequencies
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(W or Ka band) may reduce debris centrifuging effects if ZHH differences be-
tween small scatterers and large objects can be minimized, allowing the higher
concentrations of small particles to dominate the backscattered radar signal.
However, higher frequencies are more susceptible to attenuation, thus requiring
very close radar measurements and may preclude some observations of tornadoes
enshrouded by heavy precipitiation. Radar simulations should be conducted to
examine frequency dependence of air-debris velocity differences, and determine
what radar frequencies may be optimal for minimizing debris centrifuging effects
on Doppler velocity.
Circular polarization measurements may also have utility for correcting air-
debris velocity differences or examining debris characteristics. Because spherical
particles backscatter radiation in the opposite handedness, differences in power
spectra from received channels in the parallel and orthogonal polarizations may
illuminate where spherical and non-spherical scatterers are present. Given that
spherical scatterers are likely smaller particles (e.g., rain drops or sand), iden-
tifying velocities at which spherical particles are present could reduce air-debris
velocity differences and facilitate corrections because the physical characteristics
of such small spherical scatterers are easier to characterize.
Several extensions of the current LES studies are planned. Sensitivity tests
for a larger range of particle sizes and types are need to assess debris loading
effects, coupled with improved electromagnetic scattering calculations to deter-
mine maximum bounds on number concentrations. The six degree-of-freedom
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model will be employed to more accurately simulate trajectories for non-spherical
debris. Given that tornado wind speeds are affected by debris loading, the
boundary conditions in the LES model should be modified to account for de-
creased mass flux associated with reduced velocities in the radial-vertical plane.
LES debris studies could also examine the generation of electric fields in torna-
does. In dust devils, electric fields as strong as 10 kV m−1 are generated (e.g.,
Renno and co-authors 2004). Visual observations of tornadoes have revealed
glowing funnel clouds and frequent lightning strikes (Vonnegut and Weyer 1966;
MacGorman and Rust 1998), suggesting that such electrical phenomena could
be related to a significant electric field generated by tornadoes and associated
debris clouds.
While the LES model provides a useful tool for examining debris centrifug-
ing and loading effects within a tornado vortex, the axisymmetric boundary
conditions do not simulate the asymmetric, three-dimensional flow of the parent
thunderstorm. Hence, to examine storm-scale debris transport, a storm-scale
model with sufficient resolution to resolve the tornado-scale vortex is required.
To address this need, future debris studies will use very high-resolution simula-
tions from the SAM to examine storm-scale debris characteristics and simulate
TDSs.
The storm-scale model will address several important questions about TDSs,
and improve our understanding of TDS applications. During the developing
stages of tornadoes, debris columns appear to ascend more quickly as tornado
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intensity increases. Using radar simulations based on trajectories calculated
with SAM data, TDSs can be simulated during developing stages of tornadoes
to assess how quickly debris are lofted, and assess any correlation between low-
level storm-scale updraft and tornado intensity. With high-temporal resolution
polarimetric radar data from mobile radars (Pazmany et al. 2013) and phased
array radars (Zhang et al. 2011), sufficiently high temporal resolution exists
to calculate debris column ascent rates and perhaps estimate vertical velocity.
Storm-scale TDS simulations could be used to explore the potential of using
debris column ascent rates as a proxy for vertical velocities. If the scatterer
types in the updraft could be determined, then a proper correction for terminal
fall speed may be possible.
Storm-scale debris transport patterns evolve throughout the tornado’s life-
time, leading to high-temporal variability of the TDS. Debris fallout occurs at
times through the rear-flank downdraft, often after large periods of debris ac-
cumulate in the storm-scale updraft. Are periods of debris fallout through the
rear-flank downdraft driven by variations in storm-scale updraft intensity, or
enhancements in rear-flank downdraft intensity, or both? In addition, the vari-
ability of debris deposition patterns described by Magsig and Snow (1998) could
be explored. In addition to the storm-scale model, debris trajectories calculated
using dual-Doppler analyses from TDS cases could help illuminate characteristics
of storm-scale debris transport.
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Appendix A
Large-Eddy Simulation
A.1 Governing equations
LES uses two governing equations, the Navier-Stokes equations and the con-
tinuity equation. The Navier-Stokes equation in tensor notation is given as
follows:
∂ρui
∂t
+
∂
∂xj
(ρuiuj) = − ∂p
∂xi
+
∂ρτji
∂xj
+ ρfi (A.1)
where τij is the stress tensor, and fi is body force per unit mass acting on the fluid
(e.g., gravity), and i, j =1, 2, 3. The left-hand side of (A.1) describes the partial
derivative of the velocity vector w.r.t. time and the advection of momentum.
The terms on the right-hand side of (A.1) describe the three-dimensional pressure
gradient force, viscous stress forces, and body forces, respectively.
The mass continuity equation describes the conservation of mass of the fluid,
∂ρ
∂t
+
∂
∂xi
(ρui) = 0. (A.2)
Using the product rule to expand the ∂
∂xi
(ρui) term in (A.2), one can show that
(A.2) becomes:
∂ρ
∂t
+ ui
∂ρ
∂xi
+ ρ
∂ui
∂xi
= 0. (A.3)
The first two terms in (A.3) represent the Lagrangian change in density follow-
ing an air parcel. For meteorological flow conditions, it is commonly assumed
249
that the density of the fluid does not change with time (i.e., no expansion or
compression of the fluid within a fixed volume). Such an assumption is called
the incompressibility condition. The incompressibility condition states that the
Lagrangian density change with represent to time, Dρ
Dt
, is 0, where Dρ
Dt
is
Dρ
Dt
=
∂ρ
∂t
+ ui
∂ρ
∂xi
. (A.4)
The governing equations for the LES model assume that the flow is incom-
pressible. By substituting (A.4) into (A.3), the first two terms of (A.3) become
zero. This results in the incompressible continuity equation,
∂ui
∂xi
= 0. (A.5)
The incompressible form of the Navier-Stokes equation is
∂ui
∂t
+
∂
∂xj
(uiuj) = −1
ρ
∂p
∂xi
+
∂τij
∂xj
+ fi. (A.6)
A.2 Filtered governing equations
The goal of LES is to numerically compute the large-scale flow and model
the subgrid-scale (SGS) or residual turbulence which is not resolved explicitly
by the model. Therefore, the Navier-Stokes and continuity equations must be
filtered to remove smaller scale flows (or numerical noise) which are not resolved
explicitly through LES. Maruyama (2011) define the filter length, L for the LES
model. L depends on the width of the individual grid points in the x, y, and
z-dimensions (∆X1, ∆X2, ∆X3). The filter length is computed using
L = (∆X1∆X2∆X3)
1
3 . (A.7)
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The velocity, pressure, and stress fields are filtered, and given the notation ui,
p, τ ij , and so on, to denote filtered fields. After filtering, the continuity equation
becomes
∂ui
∂xi
= 0, (A.8)
and the Navier-Stokes equation becomes
∂ui
∂t
+
∂
∂xj
(uiuj) = −1
ρ
∂p
∂xi
+
∂τ ij
∂xj
+
∂ (uiuj − uiuj)
∂xj
. (A.9)
The second and third terms on the right-hand side of (A.9) are the filtered
viscous stress term and residual of the stress term. The filtered viscous stress
term can be expressed as
τ ij = −2
3
µ
ρ
∂ui
∂xi
+
µ
ρ
Di,j, (A.10)
where µ is the viscosity coefficient and the rate of strain tensor, Di,j is
Di,j =
(
∂uj
∂xi
+
∂ui
∂xj
)
. (A.11)
The residual of the stress term can not be solved numerically in the form pre-
sented in (A.9), so it will be modeled in a numerically solvable form.
A.3 LES sub-grid scale model
The uiuj term of the sub-grid scale (SGS) stress term can be expanded using
Reynolds averaging of ui and uj (e.g., ui = ui+ u
′
i). After expanding the ui and
uj terms, the following equation results,
uiuj = uiuj − u′iu′j + uiu′j + u′iu′j. (A.12)
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In the LES model, the SGS stress term is modeled using the Smagorinsky
model (Smagorinsky 1963). The Smagorinsky model assumes that turbulence is
isotropic and spatially homogeneous. The SGS viscosity, νSGS, is defined as
νSGS = (CsL)
2
√
2DijDij , (A.13)
where Cs is the Smagorinsky constant and L is the filter length. The LES model
uses a Smagorinsky constant of 0.1 (Maruyama 2011). The SGS stress term is
modeled using νSGS as follows,
uiuj − uiuj = −νSGSDij. (A.14)
Equation (A.9) can be rewritten using the new SGS stress term as follows,
∂ui
∂t
+
∂
∂xj
(uiuj) = −1
ρ
∂p
∂xi
+ 2
∂ (ν + νSGS)D
∂xi
. (A.15)
A.4 Numerical calculation of the LES
In this section, the numerical calculation of the LES is discussed using the
governing equations discussed in the previous section. There are two common
approaches for solving the incompressible Navier-Stokes equations (Tannehill
et al. 1997). The vorticity-stream approach employs a change of variables to
rewrite velocity as vorticity and stream functions. The primitive-variable ap-
proach solves the Navier-Stokes equations using the components of the wind
and pressure without a change of variables. The LES model employs the latter
approach, which is most common for three-dimensional Navier-Stokes calcula-
tions.
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There are two subsets of approaches for the primitive-variable approach: cou-
pled approach and pressure-correction approach (Tannehill et al. 1997). In the
coupled approach, an artificial compressibility term is added to the continuity
equation (Chorin 1967). The continuity equation includes an artificial pressure
and artificial time term which approach zero as the solution converges. The
LES numerical calculations use the pressure-correction approach. The pressure-
correction approach first solves the terms of the Navier-Stokes equations indepen-
dently without using the continuity equation (Harlow and Welch 1965; Chorin
1968). Without the continuity equation, however, the pressure (or density) dis-
tribution will not satisfy the continuity equation. To satisfy the continuity equa-
tion, a Poisson equation is formulated for the pressure field and solved until the
field divergence is zero (i.e., ∂ui
∂xi
= 0).
The pressure-correction approach used in the LES model is the fractional step
method or projection method (Chorin 1968). The calculation of the velocity and
pressure fields at the next time step, n + 1, involves the following steps. The
Navier-Stokes equation can be rewritten as follows for time n,
∂un
∂t
+ An = −∇p + Sn (A.16)
where n is the current time step, A is the advection term, and S is the stress
term. The first term can be expanded into finite difference notation,
∂un
∂t
=
un+1 − un
∆t
. (A.17)
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After some algebraic manipulation, the equation for the velocity field at time
n+ 1 is
un+1 = un +∆t (−∇p− An + Sn) . (A.18)
In order to solve for the velocity field at time n+1, the velocity, uF , is calculated
first without including the pressure term,
uF = un +∆t (−An + Sn) . (A.19)
Using (A.19), (A.18) can be rewritten as,
un+1 = uF −∆t∇pn+1, (A.20)
To satisfy the mass continuity equation, a Poisson equation is formed by taking
the divergence of both sides. The divergence of un+1 is zero because of the
incompressibility condition. Hence, (A.20) becomes
∇2pn+1 = ∇ · u
F
∆t
, (A.21)
which is a Poisson equation. After solving the Poisson equation, the velocity
field at time n+ 1 can be solved using (A.20).
After the generation of the model initial conditions and grid, the calculation
of the LES can be summarized by the following steps:
1. Calculation of the SGS viscosity
2. Calculation of the Navier-Stokes equation terms
3. Pressure correction of the velocity field
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Appendix B
List of Acronyms
ATSR Alternating Transmit Simultaneous Receive
BC Boundary Conditions
CDR Circular Depolarization Ratio
CI Confidence Interval
DSD Drop-size distribution
EF Enhanced Fujita
EM Electromagnetic
GBVTD Ground-Based Velocity Tracking Display
HFSS High Frequency Structural Simulator
LES Large-Eddy Simulation
LWC Liquid Water Content
MAD Median Absolute Deviation
NWS National Weather Service
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OU-PRIME University of Oklahoma Polarimetric Radar for
Innovations in Meteorology and Engineering
RFD Rear-Flank Downdraft
RMW Radius of Maximum Wind
SGS Subgrid-Scale
STSR Simultaneous Transmit Simultaneous Receive
TDS Tornadic Debris Signature
TVS Tornadic Vortex Signature
VCP Volume Coverage Pattern
WEH Weak Echo Hole
WFO Weather Forecast Office
WSR-88D Weather Surveillance Radar 1988 Doppler
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Appendix C
List of Symbols
a Major axis (m)
AiTDS TDS Area (m
2)
A Debris cross-sectional area (m2)
b Minor axis (m)
C Covariance matrix
cdeb Proportionality constant for debris flux
CD Drag force coefficient
CF Aerodynamic force coefficient
CL Lift force coefficient
CM Aerodynamic moment coefficient
CN Normal force coefficient
CP Pressure coefficient
CS Smagorinsky constant
D Diameter (m)
DL Debris loading
e Turbulent kinetic energy (m2 s−2)
Ei Incident electric field (V m−1)
Eb Backscattered electric field (V m−1)
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FA Aerodynamic force (N)
fxi Body force exerted by one debris element (N)
Fxi Body force per unit mass (m s−2)
fv Fractional volume
g Gravitational acceleration (m s−2)
G Rotation matrix
hˆi Horizontal polarization vector
∆hi Height between elevation angles (m)
hcvg Height of the convergence region (m)
hcvt Height of the convection region (m)
hmax Maximum TDS height (m)
iˆ Vector oriented in the direction of incident EM wave
lˆ Left-hand circular polarization vector
I Fixing integrity parameter
Iv Intensification parameter
l Debris length (m)
L LES filter length (m)
linf Inflow region length (m)
k Wavenumber (m−1)
Km Complex dielectric factor
LDR Linear depolarization ratio (dB)
m Complex refractive index
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md Mean debris mass (kg)
N Number of scatterers
Ns Number of soil particles greater than radius, rs
Nflux Vertical flux of debris (#m−2s−1)
q0.1{ρHV } 10th percentile co-polar cross-correlation coefficient
q0.1{ZDR} 10th percentile differential reflectivity (dB)
q0.9{ZHH} 90th percentile radar reflectivity factor (dBZ)
p Pressure (Pa)
po Ambient pressure (Pa)
r Radius (m)
rs Soil particle radius (m)
rcvt Convection region radius (m)
rup Radius between the convergence and convection regions (m)
rtop Top outlet radius (m)
rˆ Right-hand circular polarization vector
Re Reynolds number
Rep Particle Reynolds number
S Scaling factor
S Scattering matrix
Sc Scattering matrix for circular polarization
Sc Corner flow swirl ratio
Si Incident power density (W m−2)
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Sr Returned power density (W m−2)
t Plate thickness (m)
T1 First set of TDS thresholds
T2 Second set of TDS thresholds
Ta Tachikawa Parameter
U Wind speed (m s−1)
ui Wind speed in tensor notation (m s−1)
umin Minimum radial velocity (m s−1)
udi Debris speed in tensor notation (m s−1)
ud Radial debris velocity (m s−1)
up Radial particle velocity (m s−1)
Uo Ambient wind speed (m s−1)
Ur Relative wind speed between object and the air (m s−1)
vc Core tangential velocity (m s−1)
vd Tangential debris velocity (m s−1)
Vgrid Grid cell volume (m3)
Vij Complex received signal voltage (V)
V0 Characteristic velocity (m s
−1)
vmax Maximum tangential velocity (m s−1)
vr Radial velocity (m s−1)
VTDS TDS volume (m3)
w Vertical velocity (m s−1)
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wd Vertical debris velocity (m s−1)
wmin Minimum vertical velocity (m s−1)
wmax Maximum vertical velocity (m s−1)
wp Tangential particle velocity (m s−1)
ZDR Differential reflectivity (dB)
ZˆDR Differential reflectivity threshold (dB)
ZHH Horizontal radar reflectivity factor (dBZ)
ZV V Vertical radar reflectivity factor (dBZ)
ZE Equivalent radar reflectivity factor (dBZ)
ZˆHH Radar reflectivity threshold (dBZ)
zL Lower midpoint (m)
ztop Top of the inflow layer (m)
zU Upper midpoint (m)
β Canting angle of a spheroid in the polarization plane (◦)
δdp Backscatter differential phase (
◦)
ǫe Effective complex relative permittivity
ǫr Complex relative permittivity
γ Depleted angular momentum (m2 s−1)
Γ Angular momentum (m2 s−1)
Γ∞ Far-field angular momentum (m2 s−1)
λ Wavelength (m)
µ Air viscosity (Pa s)
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ν Kinematic viscosity (m2 s−1)
φ Angle between the incident EM wave and spheroid’s symmetry axis (◦)
Φdp Propagation differential phase (
◦)
ρ Air density (kg m−3)
ρHV Co-polar cross-correlation coefficient
ρˆHV Co-polar cross-correlation coefficient threshold
σ Radar cross-section (m2)
σa Absorption cross-section (m2)
σb Backscatter cross-section (m2)
σD Proturbence of a sphere (m)
θ Debris attack angle (◦)
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Index
Aerodynamic moment coefficient, 67
Air-debris relative velocities, 2, 180–182,
187, 193, 200, 201
Attenuation, 210–224, 232
Backscatter differential phase, 26, 121–
123, 141
Backscattering matrix, 13–17
Circular polarization, 16, 17
Linear polarization, 13, 14
Circular depolarization ratio, 30, 31
Co-polar cross-correlation coefficient, 4,
26–27, 75–77, 79–100, 107, 110–
112, 121, 125–128, 130, 133, 134,
136–139, 143, 144, 146–154, 156,
185, 231, 232
Complex refractive index, 10, 19, 33
Complex relative permittivity, 32–35,
38, 42, 47, 211
Complex scattering amplitudes, 13, 21
Corner flow, 7, 187, 193, 202, 203, 209,
217, 224, 232
Covariance matrix, 18
Debris
Centrifuging, 6, 107, 125, 127, 136,
148, 150–153, 155, 156, 186, 193
Fallout, 107, 125, 127, 136, 152
Loading, 7, 179–224, 232
Lofting, 4, 74, 78, 80, 108–110, 112,
114
Differential propagation phase, 139, 141,
146, 147
Differential reflectivity, 4, 22–25, 30, 75–
77, 79–99, 112, 121–123, 125,
126, 128, 130, 133, 134, 137–
140, 143, 144, 147, 152, 231,
232
Drag force coefficient, 59, 63, 64, 69
Drag force coupling model, 157, 172,
173
263
Fiedler vortex, 178
Large-Eddy Simulation, 7, 157–170, 179–
229, 232, 233, 236, 249–254
Linear depolarization ratio, 27, 30
Mass continuity equation, 249, 250, 253,
254
Filtered, 251
Navier-Stokes equation, 249–253
Filtered, 251
Normal force coefficient, 66–68
Particle Reynolds number, 63–65, 178
Pressure coefficient, 58
Radar cross-section, 10–13
Radar reflectivity factor, 4, 19–22, 24,
36, 37, 42–52, 54, 55, 75–77,
79–99, 110–112, 121–123, 125–
127, 129, 130, 133, 134, 136,
142, 143, 146–155, 179, 185, 186,
230–232
Equivalent, 180, 182, 185–187, 204,
225–227
Scattering
Mie, 12, 24, 38, 42, 230, 234
Rayleigh, 10–12, 19, 22, 24, 27
Sub-grid scale stress, 251–252
Suction vortices, 160, 165–170
T-matrix, 7, 21, 30–32, 38, 116, 120,
122, 123, 133, 141, 186, 229,
232, 233
Tornadic debris signature, 4–7, 72–116,
119, 121, 127–130, 133, 136, 138,
139, 142, 151, 153–155, 185, 209,
225, 227, 233, 236, 237
Parameter, 70, 72, 75–83, 89–100,
108–113, 229, 230
Tornadic vortex signature, 117, 121
Two-cell vortex, 151, 160, 165, 169, 232
Vortex breakdown, 159–165, 169, 180,
186
Weak-echo hole, 186
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